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FOREWORD

This document details various aspects of a Generation Il high-density fiber optic interconnect system
and related interface and installation hardware concepts for aircraft applications. The currently utilized
Generation | fiber optic interconnect hardware, represents an extension or duplication of existing aircraft
electrical cabling and connector technology to fiber optic media. It is therefore desirable to consider at
the outset guidelines for an advanced high density interconnect system based on emerging technology
concepts so that avionics interconnect systems can accommodate growth as the technology matures.
This high-density interconnect will represent a revolutionary advance in interconnect systems based on
optical fiber’s unique performance characteristics. The concept should be compatible with all advanced
aerospace system concepts including “fly-by-light”, broadband multimedia networks such as passenger

entertainment sy
structures”. The
“premises distrib
are designed for

This guideline ad
interconnect harg
second-generatiq
systems implemg
It is proposed tha
input for this inte
many disciplines
proposed that th
can be achieved
have been suppl

Ed by attendees of the AS-3C:«neetings held from October 1992 thr

stems.—advanced-avionics computerinterconnects (e.g-—optical-back
vision is to attain a “mobile vehicle information distribution system’
ition systems” provided for buildings where all elements of a fiber o
compatibility and interchangeability.

dresses industry and government concerns with the affordability of {
ware in order to provide solutions for improved second-generation
n hardware should take into account advanced,eemmercial network
bntation as well as recent technology advances by the commercial p
t existing and planned industry wide consoftia-and working groups |
rconnect system for future military and aeréspace applications since

automotive community participate ifrthis effort to gain the econom
y possible dual-use aerospace/automotive application. Contributior]

and diverse organizations is required t0-arrive at workable solutiong.

lanes) and “smart
hnalogous to the
btic interconnect

irst generation of
hardware. This
and “fly-by-light”
hotonics industry.
be used to provide
expertise from
It is also
-of-scale which
s and suggestions
bugh April 1999.



https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL AIR5271™A 2 OF 116
TABLE OF CONTENTS
TS T OO ] o PP PPT SRR 6
2. AVAILABLE REFERENCE DOCUMENTS ..ottt e e e e e e e e e s nnnneeeeaeas 6
2.1 Sources For Reference DOCUMENTES .........uuiiiiiiiiiiiiiiiiiiiiiiiie ettt eeeeeeeeeeeeeeeeeeeeeeeeeeeeas 7
2.2 D= T a1 o 1= U SUUURS 8
2.3 First Generation Fiber Optic Interconnect Constraints ...........ccoooiioiiiiiiiiiii e 9
24 System ReqUIrEMENTES .......cooiiiiiiiiiie e e 10
2.5 Fiber Optic High-Density Cable Plant Benefits .................ccccci A N o, 11
3. ADVANCED INTERCONNECT/HARNESS REQUIREMENTS .......cccococnidler i 11
4. EMERGING TECHNOLOGY TRENDS ...t 5 e 12
4.1 Optical Hibers For High-Density Cables ........................84 . 13
411 GIass FilDEIS ..o e e e e e e e e e e s nnnnee e e 14
41.2 Plastic Qptical Fibers (POF) ... e o, 15
41.3 Hard Clad Silica FIibers ... O 18
414 Radiation Hardness ........cooovvvviiiiiiiiii 80 e 18
4.2 Optical Riber Physical Properties ...........cc.iseuiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeee e, 20
4.3 Optical Aroperties Of FIDEIS ........uuiiiiiee et e, 20
4.4 Fiber Optic Ribbon Cable Construction .= ........cccuuviiiiieeiieiiiieee e e 21
4.4.1 Encapsulated Fiber Optic Ribbon Cables .............cccoooiiiiii e 21
442 Non-encapsulated Fiber Optic Ribbon Cables ............ccooeiiiiii 22
443 Fiber Optic Ribbon Cable Physical Properties .............ccoeeeeiieiieieeeeeeeeeee e, 22
444 S1e=To1 (ol ol oT-T R @ o 1 (ol m ] o] oo g 671 o] 1= P 24
445 Suggested Cable Test ProCEAUIES ............uviviiviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e eeeeee e 26
4.5 High Density Fiber Optic Termination CONCePtS .........coovviiiiiiiieeeieiiiiiieeeeee e 26
4.51 Fiber Optic TerminiProperties ........c.cccccvviiii 30
45.2 High Density FiberOptic Cable CoNNECtors ...........cccccvviiiiiiiiieeieeiesieeeeee e 37
45.3 High-denjsity. Connector Backshell Properties .........ccccooiiiiiieiiiiiiiiii i 37
4.6 Silicon Gompatible Integrated Optic Devices ..........ccccveeeiiiiiiiiiiieeeeeeene e 38
4.6.1 Pyrolyticalty Deposited Siiica WavegUIde COUPIETS oo e ee e 39
4.6.2 Microchip Couplers Fabricated By The Sol-Gel Method ......................., 40



https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL AIRS271™A 3 OF 116

TABLE OF CONTENTS (Continued)

4.6.3 Properties of Planar Waveguide COUPIEIS ......coooeiiiiiiieeee e 42
4.6.4 Active Silicon OptiCal CIFCUILS ........ueeiiiiiiiiiiiii e e e 42
4.7 Optical Backplane INtErCONNECE ..........oovviiiiiiiiieeeeeeeeeeeeee e, 44
4.7.1 Optical Backplane ConStrUuCHION ..........coiiiiiiiiiiiiiiiieeeeeee e, 45
4.7.2 Optical Backplane Parameters ........ccooooiiiiiiiiiiii it e e e e e e e e e e e e eeaeanees 57
4.8 Opto-Electronic Source/Detector Devices and Packaging .......cccccooovuiiiiiiiiiiiiiiiiiiee e 58
4.81 Edge Emitting Hetero-junCtion LASers ...........ooouiiiiiiiiiiiiece e 59
4.8.2 Vertical Cavity Surface Emitting Lasers (VCSELS) ... e 60
4.8.3 Y oT o R e o] [ o BN = 1T U St S 67
4.8.4 External Modulators ... 68
4.8.5 Modal NDISE ......oovvviiiiiiiiiiiiii S 73
4.9 Switching MechaniSms ... E e e 74
4.9.1 SMaArt PIKEIS ... e e e 74
49.2 Electro-Nlechanical SWitching ..........coeeiiiiiiiiii e e 75
4.9.3 All Optical SWItching .........cooooiiiiiiiiii e S e e, 75
5. OPTICAL AMPBLIFIERS ... o e e e e e e e e e e e e e e e e e e e e e ee e 76
5.1 Erbium Doped Fiber Amplifiers (EDFA) ... e 76
5.2 Semiconductor Optical Amplifiers (SOA) i e 78
5.3 Comparison of SOA And EDFA Performance .........ccccocovvvviiii 78
6. AIRCRAFT INBTALLATION ..o i e eiiteie et e e e e e e s eee e e e e e e nnee e e e e e e e sennnaeeeeaeeas 79
6.1 Conduit Enclosed Cables ... 0. ettt 79
6.2 Stand AlPNE Cable ......... e e e e 80
6.3 Air BIown FIber (ABF) b dee et e e e 81
6.4 ][ od 19T T O P P UTTTRTTPTT 82
6.5 Branching And Break-Out Techniques ..............ccccc e, 88
6.6 Fasteners Or TiezDown Techniques ... 88
6.7 Installation and, Repair TOOIS .......cccoiiiiiiiiiii e e 88
7. TIME DIVISIONMOLTIPLEXED NETWORK TOPOLOGIES e 89
7.1 [T T= Y= Tl N\ =] Yo o (G o] 0 o] (oo Y 89
7.2 5 =T N\ =141V o JQ o] o o] [ Yo | PSPPSR 91
7.3 RiNG NetWOrk TOPOIOGY ... ..eieiiiiiieiiie ettt e e e e e eee s 91
7.4 Mesh NetWOrk TOPOIOGY ......eeeiiiiiiiiiiiii e e e e e 92
7.5 Switched NetWOrk TOPOIOGIES .......cuiiiiiiiiiiiiiiii e e e e e e s e e e e e e e e 92
7.6 Shunted Ring “Skip-A-Node” TOPOIOGY ....cevviiiiiiiiiiiiiiiieieeeeeeeeeeee et e e e e e e 93


https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL AIRS271™A 4 OF 116

TABLE OF CONTENTS (Continued)

8. BROADBAND NETWWORKS ..ottt et 93
8.1 SUD-Carrier MOAUIAtION ... e e e 94
8.2 Wavelength Division Multiplexing (WDM) ... aanenneereees 95
8.3 Broadband Network TOPOIOGIES .....ccoeiiiieeeeeeeeeeeee e 97
8.3.1 Broadband RiNG TOPOIOGY .....cceeiiiiiiiiiiiiiee e a e e e 98
8.3.2 Broadband Star TOPOIOGY .......ceeeiiiiiiiiiiiie e 99
9. BUILT-IN-TESIT CONCEPTS ..ot S e, 102
9.1 Diagnostic Requirements ...........cccoiiiiieiiiiiiiiciieieeeeeeeeeien e 2 T e 104
9.1.1 Fault Detection .......cvoeiieeeee e e 104
9.1.2 Fault Containment .......ooonvieeeee et S e 105
9.1.3 Fault 1SO|ation ......ooonieiee e N e 105
914 Fault PradiCtion .......ooovieiieiie e S e e, 105
9.1.5 Fault 1SO|ation MEthOAS .....c..oieieeeeee s e e et e e e e e e e e e e e 106
9.2 FunctionBl Element MOAUIE .........ceeeieeeeeeeeeeee i e e 106
9.2.1 Interconmect Fabric Module ..........ooonieeiee e e e e 106
9.2.2 Optical BaCKplane ............eeeiiiiiiiiiiiiiieiiceeiee e eaf ettt ee e e e e e e e e e e e ae e e e e e e e 106
9.2.3 Intra-Racgk Harness And Inter-Rack Harness.......coveeeeeeeeeeieeeeeeeeeeeeeeeic e, 107
9.3 Transmitter/Monitor And Receiver/Stimulator ..........coovveeeeeeeeeeeeieee e 107
10. TEST EQUIPMIENT AND MAINTENANGCE . ..o 109
11. ADVANCED INTERCONNECT CONCLUSIONS AND RECOMMENDATIONS ... .o, 109
APPENDIX A REFERENCE SOURCES ... e 110
APPENDIX B LIST OF FIGURES ... .ot e 114



https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL AIRS271™A 5 OF 116

ACKNOWLEDGEMENTS
CONTRIBUTING COMMITTEE MEMBERS

The following individuals submitted data inputs, graphics and hardware pictorials and gave committee
presentations which directly contributed to AIR5271:

Rick Allison David Horwitz Ken Sanders
Mark Beranek John Krawczak Greg Sellers
Dipak Biswas FramKarwacki Steverr-Smatt

Richard Bogenberger John Lehman Rick Stevens

Julian Bristow Kevin Li Tom Stocktor
Bob Steele Dave Lewis Gerard Walles
Teresa Farris A. Mooradian Mike . Wanamgker
Floyd Fazi Bill Mouyous Tomr Weaver
David Gallusser Greg Olsen Pat Weiner
Roger Greenwell Jacques Rene Phil Williams
Doug Hardy Gerry Sauter Andy Voizy

The following indiyiduals participated in the preparation and editing of AIR5271:

Grig Adamovsky
Clint Adams
Nigel Aldridge
Robert Allen
Adam Andonoyic
David Arps
Jarring Attemd
Miles Austin
Carlos Bedoy3
Paul Bennett
John Berthold
Ralph Bielinsk
Tracy Bower
Bob Cameron
Antonio Ciararmella
Coug Clark
Chris Coates
Nicholas Colelia

Creseda Douglas
Brad Elik

Leif Fredin
Marty Fritz

Paul Galletta
Erwin Gangl|
Xene Glavas
Phil Goldman
Sam Green
David Gastelum
Hal Hager
DaryhHamlin

Anthiony Jordan
Raod Katz

John Kolasinski
Tom Kowalsky
Dave Leight
Ken Maijchizak
Lou Marchitto
Ron McCartney
Regan McDole
Patrick McFerrin
Joseph McHugh
Lisa McMurray

Richard Paul
Guenter Pauly
Chris Pegge
Alan Pgerkins
Donald Richards
Andy Riddle
Anwar|Rizvi
David Robson
Chris Roe
Earl Rydell
Losif Sander
Don Sc¢huett

S.J. Collette
John Cotterill
Jason Crocker
Al Crosgrove
Tom Dermis

Richard Hampson David Michael Keith $chweikhard
Donald Heflinger Art Michon John Starr
Warren Herman Ed Mitchell Karl Strauss
Troy Hetherington Marian Modrow Myles [Taylor
Mert Horne R.S. Mortimer Marcus Toms
Frank Howes Owen-Mulkey Joehn-Marachi
Norm Hug James Nelson Michael Washburn
lan Innes Sang Nguyen Laurence Wesson
Ted Jeffery Dana Nobel Chuck White
Dale Johnson Greg Noll Willard White Il
Rick Jones Michael Orr Dave Zika

Drew Glista

Chairman, AS3-C


https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL

AIRS271™A

6 OF 116

SCOPE:

This SAE Aerospace Information Report (AIR5271) covers the basic attributes of a second-generation
robust, reliable high-density fiber optic interconnect system for aerospace applications. The intentis to
take advantage of recent commercial developments in materials, components and manufacturing
methods to develop rugged high-density fiber optic interconnects optimized for aerospace and
automotive applications, which can accommodate a variety of optical fiber waveguide types. These
waveguide types include single mode and multi-mode glass/glass fibers and waveguides, plastic clad

silica fibers and
interconnect sy
be extremely rof
environment.

A high-density fi
control commun
connectors, spli
maintenance co
processes and t
data transmissia
provide an extre
accommodate b
standardized an
shall be optimiz
of termination. A
with minimum w
information distr|
aircraft with dran

waveguides, and all polymer fibers and waveguides. This second.generation

tem should represent a dramatic improvement over first generation:
pust eliminating any concerns over cable damage or fiber breakage

ber optic interconnect system provides the physical, medium for opti
cation in aerospace vehicles. As such, it consistsof the cables and

The cable should
n an aerospace

cal data and
harnesses,

tes, backplane interfaces, transceivers, fiber optic Couplers, and includes test and

hcepts for these items. Also included are manufacturing, installatior
raining programs. The high-density format,should provide for both r|
n or parallel data transfer by providing a‘scaleable fiber count. Con
mely small footprint, with low mass canhnector shells and array inser
bth single and multi-mode fibers. Eiber spacing and cladding diame
1 coatings utilized to guaranteedong term reliability. The cable conn
bd to preclude damage during installation and/or maintenance action
Al elements of the cable plant should be compatible including splice
bight, volume and footprint. This optimized cable plant shall serve 3
bution system capable of transferring all information on military and
hatic improvements)in affordability, reliability, fault tolerance, EMI/EN

safety. Utilization of this cable plant will improve aircraft performance and fuel econg

operational cost
AVAILABLE RE

The following dg

effectiveness-while reducing new aircraft certification costs.
FERENCE DOCUMENTS:

ctments represent the current database for application of interconn

and repair tools,
edundant serial
hectors should
ls, and
ter should be
ector interface

s as well as ease
s and couplers

s an integrated
commercial
1P immunity and
my, providing

ects and related

components to &

MIL-STD-1678A
MIL-C-38999
MIL-C-83723
MIL-E-5400T
MIL STD 883
MIL-STD-1344
MIL-STD-202
MIL-I-1760
MIL-C-83522
MIL-C-85045
MIL-F-49291

erospace platiorms.

Fiber Optic Test Methods and Instrumentation

Connector, Electrical Circular, Miniature; Specification for

Connector, Electrical Rectangular; Specification for

Electrical Equipment, Aerospace General; Specification for

Microcircuits; Specification for
Test Methods for Electrical Connectors

Test methods for Electrical and Electronic Component Parts

Aircraft/Stores Electrical Interconnection System

General Specification for Single Terminus Fiber optic Connectors
General Specification for Fiber Optic Cable-Shipboard

General Specification for Optical Fiber
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2. (Continued):

MIL-T-29504 General Specification for Removable Fiber Optic Termini

MIL-STD-461 Requirements for the Control of Electro-magnetic Interference
Emissions and Susceptibility

MIL-STD-462 Measurement of Electro-magnetic Interference Characteristics

MIL-W-5088 Wiring, Aerospace Vehicle

AS1773 Fiber Optics Mechanization of an Aircraft Linear Time Division
Command/Response Multiplexed Data Bus

ARP5061 Guidelines for Testing of Aerospace Fiber Optic Intef-Connection
Systems

ARINC 404-A Air Transport Equipment Cases and Racking

ARINC 600-10 Air Transport Avionics Equipment Interfaces

ARINC Project Raper 628 Cabin Equipment Interfaces (CEI) Part 6 Fiber Optic|Cable Assembly
General Specification

ARINC 629P1-4 Multi-Transmitter Data Bus, Part 1. Technical Description

ARINC 629P2 Multi-Transmitter Data Bus, Part\2, Application Guidée

ARINC 636 Onboard Local Area Network (OLAN)

ARINC 659 Backplane Data Bus

BELLCORE GR}326-CORE  Generic Requirements for'Single-Mode Optical Fiber Connectors

DIN 47256 General Specification for Single Terminus Fiber Optic Connectors

RTCA DO-160C Environmental Conditions and Test Procedures for Airborne
Equipment

TIA/EIA-455-XX|series Fiber Optic Testprocedures (FOTPs)

TIA/EIA-455-XX|series Optical Fiber’'System Test Procedures (OFSTPs)

TIA/EIA-604-X series Fiber Optic Connector Inter-mateability Standards (HOCIS)

2.1 Sources for R¢ference Documents:

Reference Do¢uments or additional information concerning reference documents ¢an be obtained
from the following sourges.”

Aeronautical Radionc. (ARINC, USA, 1-410-266-4110)
HTTP://IWWW]ARINC.COM/Ind_Govt_Srv/Characteristics/

Defense Supply Center (Dept. Of Defense, DSCC, USA, Art Hudson, 1-614-692-0657) HTTP://
WWW.DSCC.DLA.MIL

Institute of Electrical and Electronic Engineers (IEEE, USA 1-908-981-0060)
HTTP://WWW.IEEE.ORG/

International Electro-technical Commission IEC, Switzerland +41-22-919-0211
HTTP:// WWW.IEC.CH/

Radio Technical Commission for Aeronautics (RTCA), USA, 1-202-682-0266
Society of Automotive Engineers (SAE, USA, 1-412-776-4841, HTTP://WWW.SAE.ORG

T Horwitz, Page 9
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2.1

2.2

(Continued):

Telecommunications Industry Association (TIA, USA, 1-703-907-7700)

HTTP://WWW.

Definitions:

.TIAONLINE.ORG/

FIBER OPTIC CABLE CONDUIT. A rigid or semi-rigid tube within which the signal carrying media
may be placed. It also serves the function of an external strength member to provide crush and

abrasion resis

FIBER OPTIC
configuration &

FIBER OPTIC
arranged side
the fibers and
and to maintai

mechanical and environmental specifications.

FIBER OPTIC
particular infor
fiber optical rif
fiber channel(g
without residus

the physical ddirability and long term reliability of the cable at this detachment poin

HIGH-DENSIT]
physically con
optimally trang
contains the fg

optical sensin

environmental|specifications.

coupler, (d) a%r

ance.

RIBBON. An unprotected assembly of optical fibers arranged|side
nd held together by an adhesive or adhesive tape.

RIBBON CABLE: A ruggedized stand alone assembly.of two or mo
by side in a flat configuration. The assembly may.also provide mech

h the subassembly configuration. The assembly shall be fabricated

RIBBON CABLE BREAKOUT. An arrangement to physically and of
mation channel from all or several ofthe individual information chann
bon cable for the purpose of branching to another physical location
) to be separated shall detach cleanly from the ribbon matrix or adh
b adhering to the separated-fiber and a suitable means must be pro

Y FIBER OPTIC CABLE CONNECTOR. A quick disconnect mecha
strain and position optical fibers in a fiber optic cable for the purpose
ferring the optical signals in the fiber optic connector to an adjacent
llowing: (a)another fiber optic cable, (b) an array of optical sources
array-of optical detectors, (e) and optical transceiver, (f) an optical
device. The connector shall be fabricated to meet optical, mechan

y side in a flat

re optical fibers
anical strength for

A suitable protective coating to cover the bufferéd fibers for environmental protection

0 meet optical,

tically separate a
els contained in a
The individual

esion materials
ided to maintain
t.

nical assembly to
of repeatedly and
assembly which
(c) an optical
switch or (g) an
ical, and

FIBER OPTIC RIBBON CABLE SPLICE. A mechanical assembly to physically constrain and
position optical fibers in a fiber optic cable. The assembly makes a permanent or temporary
connection to transfer the optical signals in the fiber optic connector to an adjacent assembly
containing another fiber optic cable, an array of optical sources, an optical coupler, or an array of
optical detectors. The splice shall be fabricated to meet optical, mechanical, and environmental

specifications.

FIBER OPTIC RIBBON CLEAVING TOOL: A mechanical or electro-mechanical device to
simultaneously create physical break in all the fibers contained in a fiber optic ribbon cable which
results in a flat surface on both facets on the severed optical fiber with minimal mechanical damage
to the optical fiber. The flatness of the fiber surfaces and surface quality shall be specified to
minimize optical loss.
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2.2

2.3

(Continued):

OPTICAL BACKPLANE INTERCONNECT: A rigid stand-alone assembly consisting of optical
waveguides, optical waveguide connectors and optical couplers that provides optical information
transfer between standard electronic modules. This assembly provides structural support for the
modules through a suitable connector interface as well as environmental and mechanical protection
for the waveguides.

OPTICAL COUPLER. A component or device to provide optical power extraction from an input fiber

or plurality of i

First Generatiq

nput fibers to a plurality of output optical fibers.

n Fiber Optic Interconnect Constraints:

High-density fiber optic interconnects for aerospace applications offer.the potentia

harness comp

benefits includ

increased airc

reduced new 4
date have fund

exity, reduce weight, simplify installation and reduce the maintenan

amentally been patterned on existing electrical cabling, connectors

concepts as wgll as currently utilized installation, test.and maintenance procedure

electrical wirin

. While this first generation hardware.has been successfully imple

military and cgmmercial aircraft, the extensive use‘once projected has not yet occ

issues related
telecommunic

and provides ¢

to cost, and ease of installation,test, and maintenance. In the com

to simplify the
ce. Additional

e operation in a high electromagnetic environment;\improved cost effectiveness,
raft performance and fuel economy, improved system performance ¢apabilities, and
ircraft certification costs. The multi-mode optical interconnects instdlled on aircraft to

and harness

5 associated with
mented in several
irred because of
mercial

htions industry, optical fiber high-density cable technology is receiving widespread use
ompact cables providing alarge number of fibers. This technology offers the benefits

of low cost, mass termination and ease-of installation. Complementary electro-optic component

technology is §
optic high-den
interconnect s
interconnects.
being an exten
cost effective |
applications is

also optimized with a high-density cabling approach and is compati

mode fiber approaches.

lso being developedtito reduce the cost of commercial optical intercq
Sity cable technology is also to provide a more cost effective second
ystem for aerospace applications with projected widespread use of ¢ptical

This hardware'is optimized around the unique properties of optical fiber rather than
sion of electrical wiring and shall also provide increased long term reliability through
puilt-in-test and affordable redundancy. The use of single mode fibef for aerospace

nnects. This fiber
generation

ble with multi-
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2.4 System Requirements:

Operating Env

ironmental Conditions:

Components of the cable plant shall not suffer damage, deterioration or degradation of performance,
when subjected to any environment or natural combination of environments specified below:

Altitude: Sea Level to 70,000 feet with a maximum climb rate of 90,000 feet per minute.

Temperature Range: Dependent on actual and projected operational environment;

Class A: -40 tqg + 85 °C continuous, -55 to +125 °C for 5 minutes
Class B: -55 tg + 125 °C continuous
Class C: -55 t¢ 150 °C continuous, -65 to =200 °C for 5 minutes.

Humidity: Operating and non-operating conditions of 0 to 100 percent, including ¢
and on components where applicable.

Sand and Dust: Operating and non-operating conditions during-and after exposurg
particles as encountered in dessert areas.

Fungus: Oper
encountered ir

Salt Fog Atmog
sea environms

Shock and Vib

for survival in the severest flight test application.

Acoustic Noisd
survival in the

Electromagnelic Radiation; Per MIL-STD 461/462

ting and non-operating conditions during-and after infinite fungus g
tropical regions.

sphere: Operating and non-operating conditions during and after ex
nt as encountered in carrier sefvice.

ration: Requirements for shock, sinusoidal and random vibration wil

b Susceptibility: Requirements for acoustic noise susceptibility will b
severest flight test application.

ondensation in

to sand and dust

owth as

posure to a salt/

be Established

b established for
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2.5 Fiber Optic High-Density Cable Plant Benefits:

An optimized fiber optic high-density cable plant for both single and multi-mode fiber shall provide

the following benefits:

TABLE 1

BENEFIT

METHOD OF ATTAINMENT

Operation in a High Intensity
Electromagnetic Environment

Improved Cost Effectiveness

Increased Aircraft Performance
and Fuel Ecopomy

Improved System Performance

Reduced Certification Costs

Cable Plant Qualification to Aerospace &
Specification

Greater Commonality, Built-in-Test, Parts
Low Cost Redundancy, Greater Reliancg
Commercial Parts, Ease-of\nstallation, B
Fabrication

Weight Reduction

Growth Margin through Spare Fibers, Gr|
Availabilitysthrough Redundancy, Fault Tt
Built -In~Test (BIT)

Meet Aircraft EMI Requirement at the Bo
the Platform Level

nvironmental

Reduction,
on
atch

eater
blerance and

X Level vice

It is the intent ¢f this document to detail the main characteristics for a high-density ¢
system for aerpspace applications'which must be detailed in future standards and

3. ADVANCED INTERCONNEECT/HARNESS REQUIREMENTS:

The component frequirements in this document are derived from the following sourcs

able interconnect
specifications.2

S

1. Information ¢nrnew systems needs and performance information on similar systefms previously in

actual use

aRwnN

Applicable portions of military specifications

Applicable portions of commercial specifications

Data from military and commercial technology demonstration programs.
Available or developmental commercial component and hardware technology

Formulating requirements derived from the above sources will permit qualification of a high-density
fiber optic interconnect to provide reduced life cycle cost and technology transparency.

2 Weaver et al., Sections 1-1, 1-2, 2-2, 2-8
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4. EMERGING TECHNOLOGY TRENDS:
The telecommunications and CATV industries are striving to enhance service to subscribers. A
convergence of these industries is taking place. This is driven by the emergence of high definition

digital TV and digital video transmission over the internet. This convergence is drivi

ng bandwidth

requirements for both “fiber-to-the-home” and “fiber-to-the desk”. The competitive pricing of both
wireless and satellite services are driving affordability of fiber optic components for using fiber for the
“last mile”. To increase bandwidth, wavelength division multiplexing (WDM) and sub-carrier

multiplexing (SAQM) technology are being pursued by the commercial sector. High-d
connector concgpts are being rapidly advanced and a new family of lasers, maodulat

filters, switches and detectors are emerging from the research laboratories.

Future incorporgtion of a fiber optic interconnect system on military platforms (e.g. a
the multiplexing [of different information types/formats on a single optical fiber. When
transmission fibér is passing through a region of the aircraft that requires analog/RF
signals to the care processor, it may be reasonable to use a different wavelength thg

and organize the new wavelength bandpass into a Frequency-Division Multiplexed

channel. The priocess of modulating the optical light carrier with another frequency
Sub-Carrier Multiplexing. The FDM information on another wavelength can now pas
fiber while not i
wavelength selective optical filter and/or detector is.gsed to convert the RF informat

erfering with the original digital information. At the analog/RF pick-

electrical. No re

ring or LAN netw

information rate
photonics. With
(BIT), a scaleab
upgrades would

Emerging techn

many diverse eff
development for
of existing phota

time delays, wid
optical switchin

son exists to preclude utilization, of two or more of these digital fibe

thoughtful initial design,‘'which includes redundancy, fault tolerance
e cable plant can betdesigned for the life of the airframe so that no
ever be required.

orts. One.éxample effort is the military sponsored True Time Delay
phased-array antennas. These efforts are expanding the spectral p

orks, operating on different.gptical wavelengths. The advantage pr

growth and a corresponding-platform capability improvement throug

blogy trendswhich require high-density fiber optic interconnects arg

nics_interconnect elements; including: external optical modulators, ¢
bband photodetectors, lower Relative Intrinsic Noise (RIN) laser teq

ensity cable and
Drs, couplers,

jreraft) will permit
digital data
communications
N the digital data
FDM) optical
carrier is called

5 down the optical
bff point, a

on back into

's for broadband
pvided is

h multiplexed
and built-in-test
bptical cable

resulting from
(TTD)
brformance limits
hotonic selective
hniques and

. Ahotnher characteristic of [asers IS the spectral Ilhe width. The hig

er line widths the

greater phase noise placed on the signal near DC. Fortunately methods to increase optical power
tend to improve the spectral line width and RIN. The maijority of these devices are being developed for
control of Phased Array antennas and Analog/RF links through fiber optic interconnects, possibly via
WDM on other normal interface optical cables. As photonics develops in the military platforms it will be
necessary for growth to be accomplished without constantly laying new optical fiber cables.
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4. (Continued):

4.1

Fly-by-light demonstrations are advancing through continuing flight tests and there is an increasing
requirement for diagnostics and health monitoring of structural, propulsion, and avionics systems on all
aerospace platforms. Antenna Systems are being incorporated into the skins of aircraft and structural
elements are being monitored and controlled by embedded sensors and actuators. “Fly-by-light”,
“smart skins” and “smart structures” will require efficient data transfer in a severe environment and
must be subjected to the same environmental stress as the airframe. High-density optical cables and
connectors can be exploited for this purpose. The interconnect can be embedded into structures,
laminated on the surface of structures and/or routed in a conventional means to trarjsfer data and
serve as an optical sensing mechanism.

Optical Fibers|for High-Density Cables:

Conventional ¢ptical cables consist of a single fiber or fibers that are laid up with syitable longitudinal
strength members in a bundle connector. These fibers and strength members are|configured in a
bundle configyration over which is placed a protective sheath/The sheathing can|be helical
wrapped or extruded and a final cable jacket is placed over the assembly to form g cable. An
alternative optjon for assembling optical fibers is to configure the fibers in a side by side configuration
to form a flat rippbon which can then be utilized to form:Various cable configurationg. Figure 1 shows
a cross section of such a fiber optic ribbon wherein the unprotected fibers are held in position by an
adhesive.

Core - 62.5\m
Cladding - 125 m

Carbon - 50 nm Weave Type Strength Member
Polyimide- 155 m

Adhesive

FIGURE 1 - Cross Section of a Fiber Optic Ribbon
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411

Glass Fibers: Driven by the long distance telecommunications market, the glass optical fiber
industry has produced low loss, low dispersion single mode glass fiber with loss minima in the 1.3
micrometer and 1.5 micrometer wavelength windows. Further stimulated by the Community
Antenna Television CATV market (i.e. cable TV), National Information Infrastructure developments,
and the market for local area networks (LANS), the industry is emphasizing development of multi-
mode glass fiber with more emphasis on affordable cost. These multi-mode systems operate in
the .85 micrometer, 1.3 micrometer, and 1.5 micrometer loss windows. The fiber industry has now
recognized the advantages of applying hermetic coatings to fibers long term reliability and some

manufacture

Hermetically|
aerospace a
connectors g
single mode
fiber optic te

meet the bandwidth requirements of next generation video_and’sensor data tran

therefore im
both single n
lower costs 4
to-the desk 1

Commercial
cladding. TH

and 50/125 gm. Likewise single mode fibers have also adopted a 125 um cladd

The first gen
um and utiliz
fibers utilize

requirements

A new family
technology §
mode fiber.

rs now provide such coatings in their product inventory.

coated single mode and multi-mode glass fibers are now commerci
pplications. In the past, the unavailability of MIL-SPEC lasérs, singl
nd reliable couplers has also been a problem, which has prevented

fibers into aerospace applications. Some sensor applications will re
chnology on aerospace platforms. Broadband networks will require

perative that next generation aerospace cahle plants incorporate the
node and multi-mode technology. The broadtelecommunication ma
issociated with single mode technology-while the Local Area Netwo
harket should help reduce the cost ofimulti-mode fiber.

single mode and multi-mode fibers have adopted de facto standards
e most common commercialimulti-mode core cladding diameters al

eration aerospace cables have adopted de facto standard of 100/14
e a polyimide or silicoane buffer to provide high temperature capabili
an acrylate coatingywhich cannot meet the higher temperature aero

D .

of commercial multi-mode fibers has been introduced by Corning W
nd profilecontrol that provides performance previously available on
The InfiniCor CL 1000 fiber is guaranteed for transmission distances

at 850 nm and-up to 1000 meters at 1300 nm for gigabit Ethernet compliant syst
first multi-m&?ﬁb@ﬂﬂﬁﬁﬁ?@mﬁmﬂﬁ

ally available for

e mode

he introduction of
fuire single mode
laser sources to
bmission. Itis
requirement for
ket will help to

k (LAN) and fiber-

for fiber core and
e 62.5/125 um
ng dimension.

D um and 200/280
y. Commercial
space

ith superior

y with single

up to 500 meters
ems. This is the

the 1300 nm

window and is specifically designed for laser-based systems. The fiber performance
characteristics are based on actual laser bandwidth measurements. Typical applications are local
area networks using 850 nm VCSELs. 980 nm CD lasers, and 1300 nm Fabry-Perot lasers. The
fiber is designed to operate from -60 to +85 °C. 3

3

Corning Press Release of 23 Feb.’99 and related data sheets


https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL

AIRS271™A

15 OF 116

4.1.2 Plastic Optical Fibers (POF): Plastic optical fibers are flexible and easy to terminate, they are
usually large in diameter and durable, the cost to connect in a system is low and they can operate
in the visible and infrared regions. Early development of step index POFs provided fibers mostly for
lighting, illumination and display. A fraction of fibers were used for data communication. With the
invention of high bandwidth PMMA (polymethyl methacrylate) based graded index POFs?*, they
became suitable for communication and with the development of new perfluorinated graded index
fibers 5they can now operate in the infrared region. As the components such as opto-electronic
devices and connectors for the POFs are becoming available, their penetration into the

4.1.2.1 Optical Ch

communicat

Typically ste
index fiber h
graded inde
Boston Optig
polymerizati
weight dopa
temperature

method wh
Optical po
input and ¢
shown in H
Figure 3.

A typical a

to 1300 nm wavelengths andthe lowest attenuation of 50 dB/km was observeq

Some of th
(NA) are s

A typical b
of bends, |

on marketplace can be significant.

b index fiber consists of a PMMA core with a fluorinated polymerclag
s a doped PMMA core with a PMMA based cladding. Theewer p¢

fiber has a doped core that diffuses to outside clad during the fabri
al Fiber (BOF) Corp. is utilizing three methods to produce GIPOFs®:
bn (IGP) method and two diffusion techniques. Allthree methods ug
nts to vary the refractive index of the core. All dopants decrease the
of the fiber core.

aracteristics of POF: Optical attenuatior.of POF is measured” using
ere the fiber is cut at a length of 2 to.&:m from the end. Ends of fibg
ver through the fiber is then measured and the attenuation is calculd
utput powers per unit length. A-typical attenuation result for a step
igure 2. A typical attenuation result for a graded index fiber (BOF) i

tenuation result reported8 for a perfluorinated GIPOF was less than

e optical properties, such as, optical attenuation, bandwidth, and ny
Immarizedin Table 2.

end.radius POF can withstand is around 25 mm. Bending loss depen
end radius, and fiber numerical aperture (NA).

iding. The graded
erfluorinated
cation process.
the interfacial gel
e low molecular
glass transition

j a cut back

r are polished.
ated using the
ndex fiber is

5 shown in

100 dB/km at 650
1 at 1300nm.

merical aperture

ds on the number

® N o o N

Koike et al., p. 46
Yoshihara et al., p. 27

lllashenko and Berman,

JIS C 6863, 1990
Yoshihara et. al, p. 27

1998
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Attenuation

(dB7KM)

o 8 8888 8

Wavelength (nm)

50 580 600 60 700

FIGURE 2 - Typical Attenuation Plot For A Step-Index POF

600
500

Attenuation 400
(dB/Km) 3

A
3

0
500 550 600

. /
"

!

650

700

Wavelength (nm)

FIGURE 3 - Typical Attenuation For A Graded-Index POF
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4.1.2.2 Mechanicgl Characteristics of POF: Typically tensile testing'is’done using a te

TABLE 2 - Optical Properties of Different POFs

Properties SIPOF GIPOF (PMMA) GIPOF (Perfluorinated)
Attenuation 140-150 150-180 <100 (650-1300 nm)
(dB/km) @650 nm

Bandwidth 100-1000 1000-2500 3000-6000
(MHz/100 m)

Numerical 0.3-0.5 ~0.2 ~0.2

Aperture

test, a finitg length of fiber (25 to 50 cm) is wrapped around*top and bottom ca
fiber is pulled in tension. Typically the yield force, breaking force, and elongatig

Typical brgaking force for the SIPOF is around 9 kg'with an elongation of near
for the graged index fibers the breaking force is;lower due to additional dopant

When the BIPOFs are subjected to compressive loading, typical added attenuz
to be <0.2 [dB for a 50 kg load °.

When the fibers are subjected to different temperatures and humidities, SIPOR
behave differently. Typically, the'SIPOFs can withstand temperatures up to 85
change in attenuation for 1000 hours. As the fibers are exposed to humidity at
attenuation increased tonearly 3 dB/100 m."% In the case of GIPOFs, an atten
10 dB/km yas reported11 when the fibers were exposed to 70 °C for 1000 hou
SIPOFs arg exposedto room temperature water for nearly 3 months and later
ambient cqnditions, the breaking force of the fiber dropped by ~15%.12 POFs
withstand different harsh environments such as seawater, sodium hydroxide, €

nsile tester. In this
pstans and the
n are recorded.

y 100%, whereas
5 into the core.

tion was reported

s and GIPOFs
°C without any
85 °C, the

uation increase of
rs. When the
tensile tested at
in general can
ngine oil and

sulfuric acid. 3

POF Data Book, Published by MRC Techno Research Inc. (1993).
Technical Bulletin, Toray Industries Inc.

Lucina Optical Fiber, Asahi Glass.

D Biswas, V. llyshenko and G. Hulse, p.44

Technical Bulletin, Toray Industries Inc.
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41.2.2

41.3 HardClad S

41.4

(Continued):

Plastic Optical Fiber (POF) has the potential for significant improvement in termination
complexity, interface robustness, and cable repairability over glass fiber and copper media.
Current POF technology is limited by the base material polymethylmethacrylate (PMMA) which
restricts the operating distance to 50 meters, the operating temperature to 85 °C, and the
transmitter wavelength to 650 nm. New material development using Fluoropolymer Graded Index
POF (FGIPOF) will improve the attenuation for wavelengths of 650 to 1300 nm allowing the use
of gigabit 850 nm VCSELs and 980 nm ruggedized lasers. FGIPOF will increase the operating

temperatute range to (-55 to 150 °C) overcoming the temperature restrictions

application
of greater {

polymer (wit
because of t
for local ared

Radiation H4
requirement
environment
environment
survivability

and associated components. These newrequirements have also increased the
s well as the types of degradation. The most common fiber types that have been

survivability
considered f
transmission

The natural
important be
concerns for
protons in th
3 presents a

s. Distance and bandwidth capability will also increase providing-a
han 1Gb/s over 100 m or 2.5 Gb/s over greater than 30 m."'*

lica (HCS) Fibers: A new family of fibers with a pure silica glass co
N proprietary composition) cladding is being considered’for aerospag
ne inherent strength and ease of termination. Thesefibers are also 1
networks in the commercial sector.'%:16

rdness: Past radiation hardened fiber based system designs have
5 to survive nuclear weapons effects. Cufrent system designs have 1
al needs (i.e. nuclear power plants, nu¢lear waste management, and
. These new adverse environmental requirements along with nuclg
Criteria have increased interest in the development of radiation hardé

Dr space systems are large core (>100 um), step index, multi-mode
and polarization preserving single mode fibers for sensors.

space environment, while less severe than the effects of nuclear we
cause of theswide variety of nuclear phenomena it encompasses. T
fiber based.systems in the space environment include total dose du
e VVan, Allen Belts, solar flare particles and ionizing energetic ions (cg
summary of the most dominant radiation effects on elements of a fi

pf aerospace
fiber link capable

e and hard
te applications
eceiving attention

evolved from the
ocused on other
the natural space
ar weapon

bned optical fibers
spectrum of

fibers for data

bpons, is very

he principal

b to electrons and
smic rays). Table
ber based

system.!”

Cirrilo and Steele

U.S. Patent 5,381,504
Novak et al.

Greenwell and Barnes,

p.215, Table 1.
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TABLE 3 - Most Dominant Radiation Effects On Elements of A Fiber Based System

Element of Nuclear Radiation Type
Fiber Optic Total Dose Prompt Proton Neutron Fluence| Charged Energetic
System Transient Fluence Particles
Transmitter | Circuit Noise Circuit Circuit Gain Circuit Gain Single Event
Increase Upset/Burnout Decrease Decrease Upset/Latchup
LED Other Effects | Other Effects Light Output Light Output Other Effects
Dominate Dominate Decrease Decrease Dominate
Laser Diode| Other Effects | Other Effects [Threshold Current [Threshold Current| | Other Effects
Daminate Dominate Increase Increase,Quantum| | Dominate
Effect Decrease
Coupler/ Attenuation | Other Effects | Other Effects Other Effects Other Effects
Connector Increase Dominate Dominate Dominate Dominate
Optical Attenuation Increased Attenbation Other Effects | | Other Effects
Fiber Increase Attenuation Increase Dominate Dominate
Luminescence
Photodiode | Leakpge Current| Induced Leakage Current | Responsivity De-| | Transient
Increpse, Optical | Photocurrent Increase crease, Leakage [ | Photocurrent
Responsivity De- Current Increase
Creage
Receiver Circpit Noise Circuit Circuit Gain Circuit Gain Single Event
Incrgase, Circuit| Upset/Burnout| Decrease Decrease Upset/Latchup
Sensjitivity
Decjlease
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4.2

4.3

Optical Fiber Physical Properties:

In order to adequately specify and standardize on a fiber optic high density cable for aerospace
applications, the following physical fiber characteristics must be specified as well as parameters for
assuring uniformity from fiber to fiber.

and Cladding Composition

and Claddina Diameter
Shc-otaaaiRgGametel

* Fiber Core
* Fiber Cor

* Fiber Core
» Fiber Buffg
* Fiber Buffg
* Fiber Core
* Fiber Coat
* Fiber Coat
* Fiber Core
* Fiber Colo
+ Buffered F

« Resistance
*  Fiber Minin
* Fiber Tens

* Fiber Temy
Optical Proper

In order to adg
the following o

Cladding Concentricity

ring Diameter

ring/Cladding Concentricity
Non-circularity

ng Material Composition

ng Diameter
Cladding/Buffering/Coating Concentricity

r Coding

ber Flammability Resistance
to Fluids

hum Bend Radius

le Strength

perature and Humidity Tolerance
ties of Fibers:

quately-specify and standardize a high-density cable plant for aeros
ptical-Characteristics shall be specified as well as uniformity in optic

fiber to fiber.

» Fiber Numerical Aperture

* Fiber Index Profile
* Fiber Mode Field
+ Fiber Operating Wavelength

+ Fiber Attenuation vs. Wavelength

* Fiber Micro-bending Loss
* Fiber Bandwidth

* Fiber Modal Characteristics

bace applications,
al properties from
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4.3 (Continued):

* Fiber Polarization Characteristics
« Fiber Radiation Hardness
* Fiber Cutoff Wavelength

* Fiber Chromatic Dispersion

44 Fiber Optic Ribbon Cable Construction:

Ribbon fiber optic cable for aerospace applications can be categorized as: (1).enc
optic ribbon cgbles and (2) Non-encapsulated fiber optic ribbon cables.

apsulated fiber

Optical Fiber

Fiber Buffer

Color Coded Sheathing

Polyimide or Acrylate Coating

OPTICALFIBERS  GTRENGTH MEMBERS

7

RIBBON CABLE JACKET
MATERIAL

ENCAPSULANT MATERIAL

4.4.1 Encapsulated Fiber Optic Ribbon Cables: The encapsulated fiber optic ribbon cable utilizes a grid
like structure wherein a fiber optic ribbon and a strengthening member are positioned and held in a
composite structure in a manner to optimize the optical and physical properties of the cable. The
strength members, which are embedded in a flexible encapsulant material are comprised of
longitudinal or helically wound fibers of glass, Kevlar, or other suitable materials or comprised of a
woven fiber fabric which surrounds the optical fibers. A suitable encapsulant material, such as an
elastomer, is applied to a matrix of the optical fibers and strength members to seal the structure
providing mechanical and environmental protection for the fibers and forms a flexible sheet. A
further coating is applied over the encapsulant to provide scuff and abrasion resistance. Figure 4
depicts the cross section of a typical encapsulated fiber ribbon cable with a jacket to surround eight
optical fibers and encapsulant. Figure 7 is a photo of an encapsulated fiber optic ribbon cable.
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4.4.2 Non-Encapsulated Fiber Optic Ribbon Cables: A non-encapsulated fiber optic ribbon cable is
similar in construction to currently utilized fiber optic cables. Individual optical fibers are retained in
a side-by-side flat configuration through the application of a suitable adhesive material or use of an
adhesive strip to form a fiber optic ribbon. This ribbon of optical fibers, held in place by the
adhesive, is helically wrapped with a suitable material to provide mechanical and environmental
protection to the adhesively joined fibers. Longitudinal strength members are placed over and
under the wrapped ribbon fibers and a final tubular jacketing is applied to form a stand alone flat
fiber optic ribbon cable. Figure 5 is a cross section of a non-encapsulated cable and Figure 6 is a
photo of a cable with this type construction.

443

Fiber Optic H
optimum ribl
and material
splice ability,
capability etq
modulus, m4

Ribbon Cable Physical Properties: A next generation ribbon cahle.pl
on cable construction for the particular application. The choice'of ¢
5 will impact many physical and optical properties includingimicro-be
fiber stress corrosion, thermal stability, aging stability, ease of term
. Properties of cabling materials, which must be considered, includ
Iting point, adhesion, viscosity, etc. .

Optical Fiber

Fiber Buffer
Polyimide or Acrylate Coating

Color Coded Sheathing

HELICAL WRAP ADHESIVE OPTICAL FIBER

ant shall utilize an
able construction
ending sensitivity,
nation, breakout
e Young'’s

STRENGTH MEMBER CABLE COATING
MATERIAL

FIGURE 5 - Cross Section Of An Non-Encapsulated Fiber Optic Ribbon Cable
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FIGURE 6 - AlNon-Encapsulated Ribbon Cable With %&/IT Connector (Courtesy|Gore Associates)

FIGURE 7 - An Encapsulated Fiber Optic Ribbon Cable With a Woven Strength Member From Patsi
With Silicon V-Groove Connectors from Fotron Corp. (Courtesy Lockheed Sanders Corp.)
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443

4.4.4

(Continued):

Below is a list of physical cable parameters and applicable documents, which detail the parameters
which shall be specified to meet performance and environmental requirements for aerospace

applications
+ Cable Type
* Encapsulated
* Non-phcapsulated
+ Cable Stfength Member
*+  Woven
* Longjtudinal
+  Wragped
* Number pf Fibers in Cable
* Fiber Spacing in Cable
+ Cable Ggometry

« Cable Cq
« Cable Te

+ Cable Cy
+ Cable B¢
+ CableTo
+ Cable Te
+ Cable Hy
+ Cable Cy

*  Minimuni
+ Cable/Fi
+ Cable Ag
+ Cable W
+ Cable Br

oss Section Dimensions

nsile Strength

clic Flexing

nd Sensitivity

rsion Resistance

mperature Tolerance

imidity Tolerance
ush Resistance
Cable Bend Radius

pber Coating Colors
ing Stability

hter Blocking

eakout and Stripability

* Skew Properties
+ Cable Fluid Resistance

Stacked Fiber Optic Ribbon Cables: Because of the flat nature of fiber optic ribbons, these ribbons
can be stacked to form an organized two dimensional array of fibers. Ribbons shall be cabled in
various configurations to achieve even higher packing density than a single ribbon cable. Figures

8 and 9 show isometric views of commercial circular stacked fiber optic ribbon cables. This

organized, and indexed fiber cabling approach is analogous to the ribbon organized interconnect

(ROI) utilized for electrical wiring on the Navy V-22 Osprey tilt rotor aircraft.
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4.4.4 (Continued):

The stacked ribbon approach can also be utilized for an encapsulated ribbon to form a two
dimensional cross section square or rectangular cable. In the case of encapsulated ribbons, the
encapsulant must be used to encase the multi-ribbon stack including strength members in the
fabrication process while in the non-encapsulated case; the individual ribbon cables may be
contained in a common jacket to form a stacked ribbon cable. As with the flat ribbon cable, these
cables provide the option for batch cleaving and polishing as well as cost effective termination
concepts.

PE Outer Jacket [

Coorrugated SteelTape Armar =

Stpel Strength Members = - e

Wister-Swell fbis Tape =

Buffer Tube -~

FIGURE 8 - An Armored Circular Stacked Fiber Optic Ribbon Cable '8

18 http://www.siecor.com/public/p-altosa.htm
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Finmie- Aetaadant|
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Wister-Swellabis & &, > Water-Swellable

Déslectric Rods Sy '

-

Buifer Tuboa. ", ’

Filber Ribbons "

Dielectric
Caentral Member

FIGURE 9 - A Commercial Stacked Ribbon Cable With Dielectric Strength Members'”

445 Suggested Gable Test Procedures: Cables shall be tested in accordance with gpplicable EIA/TIA
or equivalenf MIL Standards.to assure compliance with operational and environmental
requirements. To perform:testing, launch conditions shall be in accordance with gpplicable EIA/TIA
and or MIL standards:

4.5 High Density Riber ©ptic Termination Concepts:

The flat configuration of fiber optic fibbon permits the Use of batch tabricated and grooved planar
multi-fiber termini concepts. The termini can be batch fabricated by chemical etching, molding,
electro-forming etc., to provide alignment of the individual fibers in a ribbon. The photo-lithographic
definition and/or precision micro machining of these grooves provide very accurate dimensional
tolerance. The commercial telecommunications industry has been exploring mass array
terminations at low cost and high volume. These commercial termination concepts can be adapted
to aerospace applications at a reasonable cost. Figure 10 is a cross section of a single crystal silicon
chip in which a V-groove has been photographically defined and chemically etched along a preferred
crystallographic plane. The V-grooves are etched to accommodate a specific fiber size and suitable
alignment features may also be defined on the edges of the chip.
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4.5

¥

]

~70°

FIGURE 10 - Cross Section Of A Silicon V-Groove Etched In A Silicon §

(Continued):

The fibers are
Certain coatin
mated silicon

alignment and
rectangular ba
into a silicon
a graded inde

be etched to align a spherical lens.infront of the optical fiber. Also micro-lens arra

monolithic win
enhance optic
containing sili

To terminate s

100 Silicon

|1

aid into the V-groove after the cabling and coatings have been stripp
s such as polyimide may be retainedon the fiber after placement i
-Groove chip shall be bonded over-the fibers to form a registered p
registration grooves. This batch termini block shall be placed in a g
ckshell with a suitable retention, sealing and mating mechanism. To
-groove termini block, (1) an extended V-groove shall be etched in t
rod in front of the opticalfiber to expand the optical beam or (2) an

dow can be placed.in front of the silicon alignment block to protect f
bl performance. -Figure 11 is a photomicrograph of an etched silicon
on v-grooves:'

fackedfiber ribbon cables silicon alignment blocks shall be stacked

provide registri

multi-fiber termini’are currently manufactured by Berg, AT&T, Fotron Corp. et. al.

ation-of the fibers in a stacked fiber ribbon cable. Connectors utilizing

ubstrate

ed from the fiber.
the groove. A
air with external
ircular or
implement a lens
ne silicon to place
bther groove shall

iys fabricated as a

ber surfaces and
substrate

and bonded to
) silicon V-Groove

Figure 12 is a

picture of a commercial connector that utilizes the silicon V-groove termination. A military version of
this that utilizes the same V-groove termination concept is available for military systems.

19 http://www.siecor.com/public/p-altosd.htm
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FIGURE 11 - A Photomicrograph of an Etched SiIi@%ubstrate Containing Silicon V-Grooves

N

.\@

X

IGL@MZ - A Silicon V-Groove Connector (Courtesy Berg Electron cs)20
)

-n

4.5 (Continued):

Another solution to the difficulties of fabricating a high-density optical connector is precision molding
techniques. One example of such a multiple contact termination connector that is commercially
available is the MT connector. The MT ferrule of Figure 13 is a multi-fiber termini that is
commercially available in 4, 8, 12, and 16 density for a single connector. Additionally, stacks of five
16-fiber connectors are available creating an 80-fiber connector assembly.?!

20 http://www.bergelect.com/product/optic/optic_mini.htm
21 satake et al., p.997
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Fiber Ribbon

Guide Pins

FIGURE 13 - A Molded MT Array Ferrule

(2)

FIGURE 14 - A Molded Connector (Courtesy (1) USCONEC?2 and (2) Molex?3)

22 ttp://www.usconec.com/products/
23 http://www.molex.com/product/fiber/fomtcabl.html
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4.5.1 Fiber Optic Termini Properties: The relevant properties of connector Termini that must be specified
are listed below:

» High Density Interface Definition
Silicon V-Groove
Machined Ceramic Insert
Alignment Bearings

Hexd
Mold
Micrg
+ Alignmer

Dowel Pin Spacing

* Fiber geqd
* Connect
Butt |

Angle polish specification

Sphe
Grad
anti-
*  Maximur

4.51.1 Multi-Fiber
MT ferrule
terminatiorn
1998.24

Fiber Ribb

Reflectamce

gonal Packed arrays
ed V-Grooves

-lens arrays

t Mechanisms

bmetry and spacing
br Optical Interface
oint Flatness

rical lens properties

ed Index Rod lens properties
eflection coatings

n optical Attenuation

Array Ferrule Termination Procedures: The following termination p
has been developed by USCONEC Corp. The termini and equipme
is commergially available through document CD A01-003, Issue —3

bn Preparation: . Mark the ribbon approximately 25 mm from the en

rocedure for the
nt for this
, of January

JJ-L{.L,J_JtJilI.!!l..!iE”;:::::;EIEE
T

FIGURE 15 - Ribbon Preparation Procedure Step 1

Place the ribbon in a ribbon holder.

24 http://www.usconec.com/MTPprocs.htm
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FIGURE 16 - Ribbon Preparation Procedure Step 2

4.5.1.1 (Continuedl):

Using a hat ribbon stripper, remove the ribbon material and the fiber-coating.

FIGURE 17 - Ribbon Preparation Procedure Step 3

Clean the bare fiber strands with a lintfree wipe and alcohol to remove coating residue.

FIGURE 18 - Ribbon Preparation Procedure Step 4

Place the ribbon holder into a fiber-cleaving device and cut the fibers evenly at a length of 10 (x3)
millimeters. Check for damaged or broken fibers. Note: A smooth, even cut will aid fiber insertion
into the ferrule. Remove the ribbon from the holder. Slide a rubber ferrule boot onto the ribbon
taking care not to break the bare fibers. The boot should be oriented so that the thicker half,
which contains a small number, is closest to the bare fibers.
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4.5.11

(Continued):

Determine

ribbon or i the dark blue colored fiber in the ribbon matrix.

Obtain a farrule and find the colored dot on the side.

With the #
rear of the

the fibers move alongdhe guide grooves and gently insert them into the ferrule

should slid
resistance
fibers are i
breakage.

which edge of the ribbon is the #1 fiber. Typically, the #1 fiber has a

FIGURE 20. --Ribbon Preparation Procedure Step 6

fiber to the side of the ferrule marked with the colored dot, insert th
ferrule. Tilt the ribbon slightly while looking through the window of t

e into the-holes and pass smoothly through the ferrule end face, ho
is felt{ back the fiber out slightly and try again, watching in the windq

black stripe on the

e fibers into the

he ferrule, watch

. The fibers

vever, if any

bw to ensure all
will cause fiber

E the proper track. Any bending of a fiber signifies misalignment ang

1 the ribbon. MT

installation onto single-mode fiber requires EPO-TEK 353 ND (clear) Epoxy. Combine the main
part (transparent; part A) to the catalyst part (amber: part B) with a ratio of 10 to 1 (A to B) by
weight in a container. Mix and de-gas thoroughly. Cure time for this epoxy at 80 (+ 5) degrees
Celsius is 55 minutes. MT installation onto multi-mode fiber requires Fiber-Fix FA-06 (white)
Epoxy. Combine the resin (white: part A) with the catalyst (amber: part B) using a ratio of 25 to 7
(A to B) by weight in a container and mix thoroughly. Cure time for this epoxy at 85 (+5) degrees
Celsius is 15 minutes. Notice: The use of safety glasses for eye protection is recommended.
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4511 (Continued):

MT Ferrule Termination: Prepare the epoxy according to the fiber type you are working with.
Instructions for epoxy preparation are found at the beginning of this section. Turn on the suction
pump or prepare suction syringe. Using a toothpick, apply a drop of epoxy through the front edge
of the ferrule window and place along the grooves.

FIGURE 21 - Ferrule Termination Procedure Step 1

Insert the ferrule end face into the suction tube nozzle*until the front edge of thie ferrule window
lines up with the tip of the nozzle. Cover the rear ofthe ferrule so that the guidé pinholes are
blocked. Allow the vacuum to draw epoxy through the fiber holes for approximately 5 seconds, or
until epoxy| has filled all he fiber holes. Note: Failure to follow this step will leadl to inconsistent
epoxy coverage between the fibers and holes, resulting in poor performance of the connector.
After remoyal from the nozzle, a bead of‘epoxy covering the fiber holes should| remain on the
ferrule end face.

L)

EIGURE 22 - Ferrule Termination Procedure Step2 |

With the #1 fiber to the side of the ferrule with the colored dot, insert the fibers into the rear of the
ferrule. Tilt the ribbon slightly while looking through the window of the ferrule. Watch the fibers
move along the guide grooves and gently insert them into the ferrule. The fibers should slide into
the holes smoothly and pass through the ferrule end face; however, if any resistance is felt, back
out slightly and try again, watching through the window to ensure that all fibers are in the proper
track. Any fiber bending signifies misalignment and will cause fiber breakage.
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4.5.1.1 (Continued):

Look into the ferrule window and make sure the edge of the ribbon matrix is located between the
back edge of ferrule window and the step marking the end of the grooves. Note: Pushing the
edge of the ribbon matrix past the step and onto the grooves may cause the fibers to break.
Carefully slide the boot into the back end of the ferrule until it stops. When in proper position the
edge of the boot will be visible in the back of the window.

FIGURE 23 - Ferrule Termination Precedure Step 3

Check the [end face to ensure there is an epoxy bead“around the protruding fibers. If not,

carefully apply a drop of epoxy to form the bead, making sure that no epoxy is ppplied inside the
guide pinhples. Apply epoxy into the window.until the cavity is full. Take care that no air pockets
are formed inside the ferrule cavity.

FIGURE 24 - Ferrule Termination Procedure Step 4

Place the ferrule into the ferrule heater. Recheck the epoxy levelin the window and add if
necessary (some settling may occur due to the epoxy spreading to fill the cavity). Care should be
taken not to overfill the cavity, as excess epoxy will have to be removed after curing.

FIGURE 25 - Ferrule Termination Procedure Step 5
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4.5.1.1 (Continued);

Follow the
beginning

Using a sc

face.

Route the

Commerci
termini. Fi

are also offering automated polishing equipment for array ferrules.

FIGURE 26 - Ferrule Termination Procedure Step 6

cure procedure. This information may be found in the epoxy.instruc
pf this section. After curing, remove the ferrule from the oven and al

ferrule to polishing.

gure 27 is a polisher commercially.available from USCONEC. Othe

ions at the
ow it to cool.

Fibing tool, etch the fibers along the epoxy bead on both'sides of the ferrule. Grasping
the fibers hetween the thumb and forefinger, gently pull the fibers straight awa

from the end

bl polishing equipment is now available for obtaining the desired end finish of the

I manufacturers

FIGURE 27 - Computerized Connector Termini Polishing Equipme
For MT Ferrules Available Through USConec?®

25 http://www.usconec.com/Polisher/MTA030.htm

nt
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4.5.1.2 Suggested Testing For Array Connectors And Ferrules: A test program should be implemented
on all cable plant subassemblies to assure operation over the specified aerospace environment.
As a minimum, performance requirements for the connectors and termini will be verified. Testing
will be performed to meet the following environmental conditions in accordance with approved
MIL or EIA/TIA test methods. Optical Properties will be monitored while the cable assembly is
undergoing the following tests in accordance with TIA/EIA-455-XX series of Fiber Optic Test
procedures (FOTPs) and Optical Fiber System Test Procedures (OFSTPs). The most common
tests include:

Humidity /Temperature Cycling
Salt Spray/Corrosion

Thermal Shock

Thermal Aging
Durability/Maintenance Aging
Mechanicgl Shock

Vibration
Sand and Pust
EMI/EMP
Power vs. [Temperature
Flex Test
Others
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452

453

4.5.31

High Density Fiber Optic Cable Connectors: First generation fiber optic connectors utilize
individual termini for each fiber. With this concept, fibers are individually cleaved, inserted into the
termini, and polished to produce a low loss termination. Because of the high fiber count associated
with high density fiber optic cables, the alignment and termination hardware generally associated
with first generation fiber optic aerospace connectors are not applicable to these cables. The
cable-to-cable interface shall be stronger than the cable by itself and the termini block shall be
compatible in dimensions with the fiber spacing. To accommodate the utilization of non-eye-safe
lasers, a suitable assembly shall be designed to provide eye protection to prevent looking into a
fiber end of an unmated connector or power levels shall be restricted to be below the eye-safe
threshold dufing mate/de-mate.

High Density Connector Backshells Properties: The relevant properties.of connector backshells,
which should be specified, are listed below:

» Backshe|l Materials

* Plating Materials

» Backshel|l Dimensions

+ Termini Retention Mechanism

+ EMI/EMP Shielding Effectiveness

» Cable Stfain Relief Mechanism

* Environmental Sealing Methods

» Circular or Rectangular Configuration
* Laser Eyle Protection Mechanisms

» Shutters
+ Filters

High Densjty Connector Backshells: A suitable connector backshell shall be utilized with high-
density fib¢r optic connectors to permit repeatable alignment of the array termini and shall
provide an|environmental'seal for the enclosed fiber termini. The cables shall pe designed to
assure that the cable.fabric strength members and the connector attachments |pear the tension
load instegd of theoptical fibers. High-density connector backshells shall be specifically
designed with low mass, and a small footprint and provide for adequate strain felief in cable
attachment.@n adequate locking mechanism shall be provided to assure relialple operation over
the aerospace environment. Afray INSerts shall provide an adequate atignment mechanism and
a means to maintain mating force over the operating environment. The connector mating
assembly shall also be stronger than the cables being connected. The connector backshell shall
also provide the necessary EMI/EMP protection to prevent unwanted electromagnetic energy
from entering the aperture associated with the cable assembly.
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FIGURE 28 { A High Density Connector Backshell WithrArray Termini (Courtesy Amphenol Corp)

4.6 Silicon Compgtible Integrated Optic Devices:

A new family df telecommunications devices is currently being developed utilizing planar waveguide
technology, which provides an ideal interface to high-density fiber cables. The most common types
of planar wavegguide couplers are silica-on-silicon waveguides and ion diffused walveguides. A Sol-

gel method of fabrication is also being explored. Couplers are utilized to provide g
division in an gptical system. First\generation fiber optic systems have primarily u

ptical power
ilized fused

biconical couplers wherein a number of fibers are twisted together under applied t¢nsion while laser

energy is utilized to fuse thefibers together. The fused bi-conical region serves ag

an optical mixer,

which couples|the optical€nergy from any input fiber into all output fibers in a selected power

splitting ratio, {o produce“a star coupler. A tree coupler separates the output from 3
“N” output fibers.

single fiber into
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4.6.1 Pyrolytically Deposited Silica Waveguide Couplers: A silica glass planar waveg
formed by depositing a porous glass on silicon wafers via flame hydrolysis of hali

uide coupler is
de materials such

as SiCly,TiCly, or GeCly (Figure 29). After deposition, the wafers are heated to high temperatures
for consolidation to form a vitreous glass. The refractive index is controlled precisely, by changing
the flow rate of starting halides. The thickness of the glass is controlled in the range of 10 to 200
um within 2%. A waveguide is formed by a combination of photolithographic pattern recognition
and reactive ion etching. Amorphous silicon is used as a mask material for pattern definition prior
to etching of the silica glass. In this photolithographic process, the star and tree waveguide

configurations are defined. Ridge waveguides with vertical smooth walls are obtained by selecting

suitable etching conditions. A final planar cladding layer is then deposited aver
structure. Both single and multimode versions of these waveguides are commet
This materials system is capable of surviving the aerospace environment: Pyrolif
couplers arelavailable in both multimode and single mode versions 2°

he waveguide
cially available.
ically fabricated

PYROL(I;;:ICALL Y

DEPOSITED

SILICON -

SUBSTRATE POROUS SILICA
VITRIFIED GLASS

H ¥~ AMORPHOUS
SILICON MASK

PHOTOLITHOGRAPHIC
PATTERNING

ETCHED WAVEGUIDE
FORMATION

\ PLANAR CLADDING
LAYER

FIGURE 29 - Cross Sectional View of Fabrication Steps for a Planar Silica Waveguide Coupler

26 Miyashita et. al., p. 292
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Bottom [Cladding ;9
SSI—GTI Ea}rcr QS
Q/%

Silicon Wafer
Y~
FIGLM@M@%@F&M&&H&%&@Hd%@%—Nignmem

4.6.2 Microchip Couplers Fabricated By The Sol-Gel Method: Microchip couplers and splitters can also
be formed by the Sol-Gel method on silicon substrates. The V-groove alignment technique can be
utilized to align fibers to these couplers with simplified manufacturing and huge reductions in cost.

Figure 30 is an optical photo-micrograph of such a splitter and Figure 31 shows the alignment of a
fiber to the waveguide.?’

27 Lj, p.2,p.8
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FIGURE 32
4.6.2 (Continued);

To terminate
provide regis

V-Groove multi-fiber termini are currﬁ)t

The AVMAC

QO

- A Photomicrograph of an Etched SiIi@gSubstrate Containing Silicon V-Grooves

&Qﬁ

stacked fiber ribbon cables iﬂ&n alignment blocks shall be stacked and bonded to

tration of the fibers in a s@y d fiber ribbon cable. Connectors utiliging silicon

connector is an

manufactured by Berg, AT&T, Fotron Corp. et. al. Figure

pace connector that utilizes the same V-grooye termination

32 is a pictune of the Mini-Mac%:ﬁinercial connector that utilizes the silicon V-grpove termination.

concept.

FIGURE 33 - A Molded V-Groove Connector (Courtesy Berg Electronicszs)

28 http://www.bergelect.com/product/optic/optic_mini.htm
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4.6.2 (Continued):

Another solution to the difficulties of fabricating a high-density optical connector is precision
molding techniques. One example of such a multiple contact termination connector that is
commercially available is the MT connector. The MT ferrule of Figure 33 is a multi-fiber termini that
is commercially available in 4, 8, 12, and 16 density for a single connector. Additionally, stacks of
five 16-fiber connectors are available creating an 80-fiber connector assembly.29

46.3

Waveguide |
Waveguide (
Power Splitti
Excess Losg
Environment
Number of In
Input/output
4.6.4 Active Silico
processing t
of opto-elect
silicon mass
on Insulator

Properties Of Planar Waveguide Couplers: The following properties should be specified:

Naterials
Seometry
ng Ratio

al Operating Range
puts/Outputs
uniformity

n Optical Circuits: Active Silicon integrated Optical Circuit technolog
bchniques of the mature silicon micro-fabrication industry to simplify|

tmanufacture are therefore immediatéely inherited by this technology,
SOl) wafer processing, monalithic active devices based on low-loss

waveguide sfructures at standard telecom wavelengths can be made (Figure 34

large cross-4
matching to
elements, gi

Light in a sili
the waveguig
technologieg
footprints, m
are reduced

ection of silicon-on-insulator single-mode waveguides allows excell
s5ingle-mode telecom fiber! This effect is enhanced by the use of tay
ing low transmission.loss to and from a single-mode optical fiber.

con integrated optical waveguide is well confined because of the larg
e to its surrounding material. This allows tighter bends compared tq
, therefore.leading to more compact devices. As a result products h
bre can-be produced per wafer, and reliability is improved as therm3

y utilizes the
the manufacture

ronic components such as transceivers, switches and sensors. All the advantages of

By using Silicon
5 single mode

. The unusually
ent mode

ered waveguide

e index step from
other waveguide
ave smaller

| gradient effects

Thédstable mechanical properties of silicon significantly ease the t

Bookham Cq
insulator chi
hybridization

rpsproducts. The transceiver photonic circuitry is written in monolit

processes.

29 satake et al., p.997

sk of designing
ic silicon-on-
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Buried oxide

Silicon Waveguide

L

Silicon Substrate

FIGURE 34 - A Silicon Integrated Optical Circuijt:Structure

FIGURE_35 - A Packaged Transceiver Using Active Silicon Integrated
Optical Circuits (Courtesy Bookham Ltd.)

4.6.4 (Continued):

Many application specific devices can be produced using a unique process. The first device to go
into full-scale production was a bi-directional 1310/1550 nm transceiver (Figure 35). This
transceiver reduces system installation cost through halving the fiber and connector requirements
in bi-directional communication applications. Advantages over micro-optic devices include:
reduced tracking error, leading to simplification of down stream receiver electronics; improved
reliability, due to monolithic design; reduced cost from incorporation of electronic boards, thanks to
dual in-line packaging; and considerably reduced production cost.30

30 Knowles et al, pp.1-2
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Functional
Elements

Electrical

4.7 Optical Backpl

Backplane

Optieal
Backplane

FIGURE 36 - An Optical Backplane as Part.of<an Avionics Chass

ane Interconnect:

Currently, mulfi-layer printed circuit boards (PCBs).are used as backplanes for aer

computers, an

d other avionics. An optical equivalent shall accommodate much hi

provide EMI imnmunity, and permit high fan-out while allowing the physical distribut

assets without
consisting of o
provides struc
environmental
backplane intg
interconnected

The next challg

performance degradation. An optical backplane is a rigid standalor
ptical waveguides, opticalktransmission media connectors and optic
ural support for the modules through a suitable connector interface

pospace
pher data rates,
on of modular

e assembly

Bl couplers which
as well as

and mechanical pretection for the waveguides. Figure 36 depicts a’E optical

grated into an avionics chassis consisting of modular functional ele
via the optical backplane with power provided using a simple elect

enge for implementing optical interfaces is the development of the te

electronic rack.

Finally, technology and standards for optically interconnecting ch

ents
ical backplane.

thnology, protocol
iter or an
ps or multi-chip

and physical g‘edia standards for optically interconnecting modules within a comp

modules (MCMs)on a substrate or electronics card shall be developed as we mig

rate towards

optical computing or more extensive use of optical sensors. Despite the strong advocacy and
desirability of such optical interconnect schemes over the years, the solution to these problems have

been very elusive.

In order for optical interconnect technology to be viable at the module-to-module

and chip-to-chip levels, both technological and cost barriers must be overcome. The solution must
also be backward and forward fit compatible with accepted electronics packaging concepts and
backplane protocols.
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4.7 (Continued):

4.7.1

For military systems, an optical interconnect system must be capable of operating over severe
environments. This optical interconnect must possess attributes which surpass existing electrical
interconnect technology with respect to cost, performance, and physical attributes. The following
requirements must be met in order to make optical interconnect technology competitive with
electrical interconnects in military systems:

» Operation over shock, vibration and temperature

« Two and three dimensional distribution

» Lightweig

« [Easeofre
* Flexible to
e Live insert
* Fault tolerd
+ High fanoy
* Low atteny
* Extremely
* Low cost, |
* Modular dd
*  Compatibil
* Operation

t, rugged, monolithic structure
configuration

pologies

on and hot swap

ince and redundancy

t
ation and bit error rate

high bandwidth

power and latency

Sign

ty with backplane protocols
n dirty environments

Optical BacKplane Construction: The optical backplane assembly consists of thi

components
and the func

(1) connectors used to relay the optical signals between the optical
tional elements, (2) the eptical interconnect media that is use to relg

from one comnector to another, and (3) structure used to provide the strength, en

structural su
basic compg

In the followi
will be discu
Instead, the
promising te

bport necessary forithe entire optical backplane. Figure 37 illustrat
nents.

ng paragraphs, the optional implementation for each of the three ba

selection that is the best will vary between application requirements
chingologies that qualify for use as an optical backplane for interconn

ee basic
backplane media
y transmissions
vironmental, and
ps these three

Ssic components

5sed.  There is not one universal "best" selection for each of these implementations.

The most
bcting electronic

modules in &

n aerospace environment include. Embeaded Uptical Fiber substra

es, fiber optic

encased ribbons, and polymer waveguides which can be fabricated on appropriate substrates.
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Media

Connectors

FIGURE 37 - ]

4711

47111

Optical Ba
that use a

have adva
optical gui

connectorg
passes thr
on the othg
guiding me
technologi

Backplar
optical b
the overd

Optical L
maximur
of optica
environni
connectd

Structus

[he Optical Backplane Consists of the Connectors, Mediayand Stru

ckplane Connectors: Most optical connectors fallinfo two classes, {
butt coupled approach and those that use an expanded beam techn
htages and disadvantages. Butt coupling is the'simpler approach. |
ling media are brought together in contact.and precisely aligned. In

bugh the interface with a greatly expanded beam width. The reversg

dia. In this section we will explere the connector requirements, diffq
ps and look at various manufacturer designs.

e Connector Requirements: The module-to-backplane interfaces, f
hckplane connectorsj\must have characteristics that meet requireme
Il system requirements. The following are some of these character

oss: It is anticipated that suitable losses shall be a minimum of 0.5
h of 1.5 dB/contact. Of equal importance with absolute low optical Ig
loss. Aconnector that has an optical loss of 1.5 dB, no matter how
ental<conditions it has been used in, will be easier to design into thg
rdhat has a loss of 0.5 dB when new, but which may degrade to 1.25

N~

cture Components

hose connectors
ology. Both types
Here the two

expanded beam

the optical beam exits the guiding media;is collimated with a lens arrangement and

operation occurs

r side of the connector. The beam:isfocused with a similar lens arrgngement onto the

brent connector

rovided by the
nts derived from
stics:

dB/contact and a

Ss, is consistency
old it is or what
system than a
dB when in use.

Absolute

consistency of opticaltoss 1S ot possibie; butitis desirabte to hrav

all connector

optical losses remain within a 1.0 dB range, and to have variation during use of individual
connector losses be less than 0.5 dB. Therefore, for the purposes of determining system
power budgets, the connectors will be expected to have optical losses ranging from 0.5 to 1.5
dB, with the optical loss of each individual connector staying within a 0.5 dB range in the 0.5 to
1.5 dB total allowed system range.
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4.7.1.1.1 (Continued):

Modes Transmitted: Studies of early 21st century aircraft system requirements have indicated
that the most severe data networking requirements will occur on tactical aircraft. The data
rates anticipated combined with the small physical size of tactical aircraft have indicated that
data communications will primarily utilize multi-mode optics. Single mode optics will be
necessary for some sensor communication where the signals are transmitted in analog RF
form. Therefore, the optical backplane connectors shall support either multi-mode or single
mode optical communication.

Fiber Intd

characte

typically
reasons:

Data
diam

Smal
Smal
62.5)
trans
lossé

62.5
obtai

100 |{
This

prface: The connectors must be compatible with optical media in‘'wh

either 50 um, 62.5 ym or 100 ym. These dimensions are required f

bter waveguides.
| core waveguides will be compatible with small area optical detecto
| area receivers are required for the system to achieve the required

Lm graded index waveguides proyide the necessary length-bandwid
mit the anticipated data rates over the distances seen within tactical

The thick claddings of 50 umtand 62.5 um core optical fibers provide low

s, making these fibertypes desirable for use in aircraft cabling.

lum core optical'fibers are common in telecommunication cables, ma
h from multiple 'sources at reasonable cost.

s important when considering P3| insertion of optical backplanes.

ristic dimension (diameter for round waveguides, width for square w|

rates will require laser diode optical sources. Such sources do not r

ch the waveguide
aveguides) is
pr the following

equire large core

I's in receivers.
data rates.

th product to
aircraft.

micro-bend

king them easy to

m core-optical fibers are required to be compatible with existing opfjcal interfaces.

Out-of-P

dane bend. because some potentlial optical backplane materials ar

inherently

straight and inflexible, the backplane half of each connector mated pair shall be capable of
guiding the optical signals to/from the plane of the optical backplane to/from the orthogonal

plane of the modules connected to the backplane. In the event that the backplane material is
flexible, but requires support in the bend region, the connector shall provide that support unless
engineering considerations indicate that forming the bend in the backplane support structure
would be a more effective design.

Complexity: Connector complexity shall be minimized, within the constraints of the total body
of requirements.

Environment: The connector shall meet the requirements of the environment currently met by
tactical aircraft avionics.
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4.7.1.1.1 (Continued):

4711.2

4.7.1.1.2.1

Size: Connector sizes shall be compatible with mounting on the edge(s) of a module and
meeting the maximum connectivity requirement. The module size should assure compatibility

with com

mercial and military module standards.

Connectivity: The minimum number of non-redundant optical contacts required for a module is
anticipated to be 4 and the maximum number of non-redundant optical contacts is anticipated
to be 128 for a module.

Data Ratle: The connector shall support digital optical data transmission at's

extendin
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Connect
possible,
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ackplane Connector Technologies: This section describes the varid
ptical connections between a backplane and modules.> The concep
e connected to orthogonal modules presupposescthe use of connec
rom fiber optic technologies. These methods ofimaking the connecf
ical categories: butt coupled, and expanded beam.
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but not yet practical for aircraft use, for a number of reasons. Chie
not physically practical in an aircraft$o arrange processors and men
tly "see" each other and it is extremely difficult to achieve the necess
D maintain alignment of the optical system over environmental extre
optical schemes are empleyed

upled Optical Connéctor Termini: In these connectors, each fiber in

tor on the backplane and the ferrule for the mating fiber is mounted
module. When'the housings holding the ferrules are mated, the twg
her, bringitig the fiber end faces to within a few microns of contact g
, depending upon the exact details of the connector. Figure 38 illus
kt coupled optical connector.
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FIGURE 38 - Butt Coupled Optical Connector Design


https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL AIRS271™A 49 OF 116

4.7.1.1.2.1 (Continued):

In these connectors, the optical contacts, usually fiber end faces, must be in very close
proximity if the light is to behave as though it is always guided, leading to a low loss
connection. If the fiber ends are a greater distance apart than a few wavelengths of the light
being transmitted, beam divergence and reflection effects will cause much of the light to be
lost at the junction. If the optical end faces actually touch, the losses in these connectors can
be very low, because no interface between the optical waveguide and air exists to create
reflections.

Butt cqupled optical connectors also require good lateral (within a fewymicrpns) and angular
(within|a few degrees) alignment of the optical contacts. To work well, the fontacts on
opposite sides of a connector must be parallel and aligned along the same|axis.

Most optical connectors, particularly the common telecommunications types, such as ST, FC,
and SC are single contact connectors of this type. Theseconnectors give good performance
in clean, benign environments. In such environments thiey can provide the|good lateral,
longitudinal, and angular alignment required for a goed-butted connection. However, they are
not well suited to dirty, harsh environments, nor do single contact telecommunication
connegtors make sufficiently good use of theirifternal volumes to be considered for high-
density small volume applications. In these connectors, the actual connector volume is much
larger than the volume occupied by the optical waveguides themselves. Mpst of the volume
is taken by the support structure for the\ferrules. The support structure makes possible the
good optical performance of these connectors, but with the drawbacks of sjze, complexity,
and expense. Size is the greatest.problem with these single contact conngctors. They are
sufficiehtly large that, were they.to be installed on the edge of a module, only a single row of
ten connectors would fit, falling far short of the maximum connectiyity required. For
this regson, it is likely that'some form of multiple contact termination (sometimes called a
"Mass [fermination") wilLbe required. An additional difficulty with single contact
telecommunication‘eannector designs is that, except for the SC, all these connectors require
some fprm of twisting motion during the mate/de-mate process. That is nof a problem for
single ¢ontact.connectors, but it is difficult to extend to multiple contact systems.

A potential'solution to the difficulties of fabricating a high-density optical connector lies in
increasi U ; \% ule. IS approach has
been taken in the development of multiple contact connectors in which the "ferrule" is a small
block in which grooves have been etched. Optical contacts in this type of connector are the
fibers themselves, and they are glued into the grooves.

One example of a multiple contact termination connector that is commercially available is the
MT connector. The MT is a multi-fiber connector that is currently available in 4, 8, 12, and 16
density for a single connector. Additionally, stacks of five 16-fiber connectors are available
creating an 80-fiber connector assembly.
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4.7.1.1.2.2 MT Array Connector Termini: The MT connector is a multi-fiber, commercial, optical
connector that is available in up to a 16 fiber configuration. Figure 39 shows the MT termini
size and shape. The body is molded from low expansion plastic or ceramic with two steel
pins providing the precise fiber alignment. The body of the connector has a molded set of
V-grooves ending in an array of holes. Fibers are bonded to the V-grooves and extend
through the holes. After bonding, the fibers are cleaved and the array is polished. This
connector is available from a variety of vendors, such as USCONEC, Alcoa Fujikura, NGK-
LOCKE, LTD. and their distributors. Some form of spring is used to keep a positive force on

the con
for the
than 0.
up to +

nector halves. The average insertion loss for all fibers is 0.5 dB with maximum loss
fibers <1.0 dB. After 1000 mate/de-mate cycles, the change in,Cennector loss is less
P dB. Its temperature range is given as -30 to +70 °C. The connectqr has been tested
125 °C with <15% periodic fluctuation due to an interference-effect ¢aused by the

thermal mismatch between the glass fiber and the plastic housing (Figure 40). If this signal

variatig
to the f

The M7
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ber ends.

[ connector is attractive because of its simplicity, low cost and poten
ration. In the OBIS program we will incorporate the MT connector i
hne designs and test its performance against required military enviro
tor holders have been modified to aceommodate the MT connectors
the optical backplane with MT connéctors on the backplane asseml
tors and holders on the module-of the fabric card.

[ connector is attractive be¢ause of its simplicity, low cost and poten
ration. In the Optical Backplane Interconnect System (OBIS) progrs
and Amphenol Aerospace have developed a removable/replaceablg
hne featuring MT connectors (Figure 42). The MT connectors are b
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ments. Here-the connector holders have been modified to accomm
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hne assembly and MT connectors and holders on the module of the
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_ Electrical
_— Optical Backplane

Frame Backplane

FIGURE 41 - An Optical/Elecirical Backplane

FIGURE 42 - An Optical Backplane
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FIGURE 43 - Housing for the MT Connectors

¢ Array Connector Termini: Page Automated Telecommunication S
has developed a ribbon fiber cable that is strengthéned and encas

ttween boxes and between modules within thebox. A multi-fiber M
Ched to the ribbon ends. In addition, PATS| has developed the desig

ystems, Inc.
bd within a weave

brial. This fiber encased weave ribbon configuration provides a multi-channel optical

| connector could
ns for a connector

m. The PATSI connector uses a multizchannel ceramic plate with pr|
ent holes to provide fiber alignmentiand a housing that is approxima
AT&T ROC connector. In its present form this connector provides b
br, PATSI claims the design could be lensed to provide multi-channel
interconnections.

V-Groove ConnectorJermini: Under the DARPA sponsored FLASH
DN Inc. has developed a multi-fiber connector that is adapted to eith
tor or to a backplane connector. This connector uses a V-groove ap
hlass cover plate to align the fibers within the multi-fiber positioner (]
commodateleither fibers or an array of polymer waveguides. The M§

| contact of fiber end surfaces. One version of this connector provi
ith-four fibers, in a MIL-C-38999 receptacle (shell size #19). Anothe

cision drilled
ely the same size
Litt coupling,
expanded beam,

N be militarized and is now in the process of fabricating prototype uniF under the OBIS

program,
er a bulkhead
proach combined
VMFP). The MFP
P is mounted

he connector shell using a floating-contact concept to provide vibratjon isolation and

les four inserts,
r version provides

2200066

a singl

The MFP concept

has been extended to provide a multi-fiber, ribbon cable splice that is completely
environmentally protected and allows practical field use in adverse conditions. These
connectors and splices are designed for -55 to +200 °C operation and to survive 45 gs
random vibration on each of its three axis. Additional improvements on this connector design
have been made under the X-33 Re-useable Launch Vehicle (RLV) Program (Figure 6). The
backplane version uses the same MFP concept but now uses alignment rails to provide a
blind mate capability for fiber ribbon positioning. This design also provides for a multi-
channel polymer waveguide array to be used on one or both connectors.
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4.7.1.1.2.5 Expanded Beam Optical Connector Termini: Connectors of this type differ from butt coupled
connectors in that the beam is allowed to exit the optical waveguide and some form of
refractive or diffractive optics is used to expand and collimate the unguided beam. The
expanded beam then crosses the interface between the two halves of a mated connector
where more optics focuses the beam into the receiving waveguide. Figure 44 illustrates the
design of an expanded beam optical connector. This provides advantages in that the
expanded beam is more resistant to variations in the separation between the two halves of
the connector, is more resistant to lateral misalignment, and is more resistant to

contan
sensiti

presence of all the optical devices and the interfaces between the wavegui
optical[devices, and the surrounding medium (usually air) causes.these cor

optical
conneq
require
conned
attentig

performance, telephone companies were willing to expend the space and r

around

achieve the low losses that are possible with:those connectors in a ground

enviror

Al

losses greater than butt coupled connectors. For these réasons, ex

the absolute lowest optical loss possible. The higher optical loss o

butt coupled connectors whatever structure was necessary to keep|

ment.
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Fiber Flber
ﬁ fngular
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lignment ‘?’ Contamination

tors made them unattractive to the telecommunication industry; also,
n would have to be given to controlling angular-alignment. For better optical

ination than a butt coupled connector. However, expanded beam connectors are more
e to angular misalignments than a butt coupled connector. Furthermore, the
de material, the

nectors to exhibit
panded beam

tors have rarely been applied in the telecommunicatiofns industry. Telephone systems

expanded beam
considerable

noney to build
them clean and
tbased

ernrnﬁnn

FIGURE 44 - Expanded Beam Optical Connector Design

The situation in the aerospace industry is different from that for telecommunications. Though
achieving low optical loss is important, consistency of optical loss in a light weight, low
volume connector in the face of harsh and dirty environmental conditions is more important.
Consequently, expanded beam connectors are a viable possibility for aerospace applications.
Figure 45 shows a Generation | lensed fiber optic connector utilized on the Boeing 777
Aircraft manufactured by ITT Cannon.
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FIGURE 45 - A Generation | Lens Fiber OpticConnegtor used on The Bogeing 777

4.7.1.2 Optical Ba
interconne
polymer w.

Aircraft (Courtesy ITT Cannon and:Boeing Corp.)

Ckplane Media: The optical backplane media is the optical material

used to

ct the module cards to each other. The optics portion consists of optical fibers or
hveguides (we are not considering free space at this time). Information in the form of

light pulses flow through the backplane media. The packaging of the optical media takes

different fo
used to pa

4.7.1.2.1 Embedded Fiber Backplanesi\Standard communication optical fiber can be

rms. This section will describe the various backplane media and the
ckage them.

different methods

sed in a

backplane configuration. Fibers such as 50/125 ym or 62.5/125 pm step indgx or graded index

have begn used. The short distances involved in a backplane structure elimi

of modal
100/140
added e
For F-22
diameterq

or chromic dispersion. For avionics application a graded index, rad
172 ym fiberis normally used. This fiber has a special hermetic pol
vironmental protection. Further protection is provided by the jacket
applications, the individual fibers are surrounded by a Tefzel jacket

nate the problems
iation hardened
yimide coating for
of these fibers.
900 pm in

Fiber optics techniques utilizing single mode fibers have also been combined with multi-layer
printed circuit fabrication to develop a fiber-in-board technology for optical fiber backplanes,
fiber management etc. The technology has already been used to produce a 64 way single
mode optical fiber backplane (~25 x 12 x 0.5 cm) incorporating a 16 x 16 star coupler (Figure

46).31

31 Small ,1995, Section 10.3, 1996, Section 8.2
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4.7.1.2.1 (Continued):

The backplane was developed as part of a study into the implementation of single mode fibre
data networks for Integrated Modular Avionics systems. The backplane has already
demonstrated excellent optical characteristics under demanding environmental tests including
-53 to +90 °C temperature cycling and gunfire vibration (~4 minutes at 28 g RMS) which is
particularly severe.

The fiber-in-board technology is quite versatile and not just limited to optical backplanes. It
can, for ¢xample, be used for fibre delay lines and fibre gyro loops and can.lje further

arconi)

aveguide Backplanes: In addition to optical fibers, waveguide stryictures are a
promising candidate for optical backplane applications. These waveguides are made from
several layers-of polymer material. The substrate, cladding and waveguide afe polymer sheets
with different index of refraction. They are laminated together and the waveguide pattern is
photo-lithographically produced. The advantage is the potential for low cost batch fabrication
of complex waveguide patterns. This material has more loss (0.1 to 0.2 dB/cm) than optical
fibers but on a backplane the lengths of the channels are short so the total optical loss is
tolerable. The lowest loss region is in the short wavelength region, however, development is
underway to make low loss guides in the 1300 nm range so advantage can be taken of all the
component development efforts in that region of the spectrum32.

32 Bogenberger, D., Chap. 23
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4.7.1.3 Optical Backplane Structure: The interconnecting backplane optical fibers or polymer
waveguides can be encased in various media. Some protection surrounding the fibers or the
waveguides is required and can be as simple as the outer jacket of the fiber. A foam structure
holding the polymer waveguides in place, fully embedding the fiber bundle in a urethane foam, a
solid epoxy, or perhaps a semi-rigid gel like structure provides additional protection. Surrounding
the fibers with a structural weave of protective material before encasing the entire bundle results
in @ more solid structure.

4.7.1.3.1

depicts

assembl

occurs.
4.7.1.3.2 Remova
assembl
are desig
provides
interconr
and the
channelg
stacked

damaged part and the entire backplane was a rigid assembly. With each stri

those te

4.7.2 Optical Bac
characteristi
specified for
be specified
specified to

Rigid Bagkplane Structure: Embedded fiber backplanes shall utilize glass or|
fiber ribbons that are encased in a structurally reinforced epoxy resin toform
substrate. Connectors utilizing ribbon termini concepts shall be applied,to th
embedmient and shall also be embedded in the composite backplane-materi

n embedded fiber composite backplane. These structures are desi
es and are non-repairable. They must be replaced in their entirety i

ble/Replaceable Semi-Rigid Assembly: A sgcond approach for an g

is to design repairability into the structure, 'In this approach parts g
ned to be removed and either repaired.orreplaced. For example, t
a backplane assembly in which the optical strip between any modu
ect fabric module can be removed.<Figure 47 shows the four interc

plastic fibers or
a monolithic

fibers prior to
I. Figure 44

pned as low cost
f a malfunction

ptical backplane
f the backplane
he OBIS program
e card and the
pnnecting strips

nedia assembly of the OBIS coneept demonstration model. Each stfip consists of four

with expensive connector termini attached at each end. The four s
ogether and surrounded by-a metal holder. All termini would be losf

ini on the damaged strip would be lost.33

plane Parametéers: Connectors for the module-to-module interface
Cs meeting requirements derived from overall system requirements.
backplane.connectors shall be identical to those of optical cable cor
to meetan overall system power budget. Backplane media losses g
meet the power budget of the system.

trips are then
if there was a
D removable, only

must have
Parameters
nectors and shall
hall likewise be

33 stevens et. al., OBIS Phase | Trade Study
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FIGURH

4.8 Opto-Electroni

The needs of high performance and the capabilities of optical communications hay

evolved and ¢
ability to imprg

47 - Optical Backplane*Media Strips and Assembly (Courtesy Amp

ic Source/Detector Devices and Packaging:

bnverged-ifnithe last two decades. Microchip electronics technology
ve eleetrical wire interconnections between remotely located compd

sensor subsy

nenol Corp.)

e continuously
has outpaced the
nents such as
hses at which

em.modules. As the bandwidth increases, the critical length decres

electrical loading-and signal skew becomes a limitation. These interconnections are now a major

limitation in the overall system speed of fast computers.

Optical transmitters, receivers and fiber connectors are prevalent for discrete transmitters, discrete
receivers and single fibers. However, the short link parallel interconnections for computer
backplanes demand integrated transmitter array modules, integrated receiver array modules,
coherently bundled fiber arrays, e.g. fiber optic ribbon cables, and standardized compatible
connections for connecting the transmitter/receiver array modules to the fiber stacked ribbon cables.
These opto-electronic array components will require low-profile hermetic packages, which can
survive the severe aerospace environment.
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FIGURE 48 - Edge Emitting Laser3*
4.8.1 Edge Emitting Heterojunction Lasers: Hetero-junction edge emitting lasers (Figure 48) have broad
utilization in the commercial telecommunications industry. The devices are optim|zed for use in the
1.3 or 1.5 ym low attenuation window of optical fibers. These devices typically gxhibit threshold
currents of afound 20 mA with greater than 20% quantum efficiency. Most commercial devices will
not operate ¢ver the full aerospace témperature range and are not hermetically packaged. A
pigtail is usef to couple the optical energy to a fiber. The linear nature of the emitting junction

produces an
Recently, str|
reliably over
has been de

elliptical emission-pattern which makes coupling to a circular fiber if
pined quantum fayer hetero-junctions have been developed which h
the complete aerospace temperature environment and a low profile
veloped.

Linear array$ of edge emitting hetero-junction lasers have been demonstrated a

research lab

pratories for use in parallel computer interconnects. These arrays W

nefficient.
ave operated
hermetic package

several major
ith spacing of

approximate

y 250 pm-are-coupled-toribbon fibers to send sixteenorthirty-two B

it words between

processing elements in a computer at gigabit/sec data rates. Efficient packaging presents a
challenge because of thermal and optical constraints that may impede reliable operation over

aerospace e

nvironments.

34 http://britneyspears.ac/fplasers.htm
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4.8.2 \Vertical-Cavity Surface-Emitting Lasers (VCSELS): Vertical-cavity lasers are a new family of
semiconductor laser devices that have existed in concept and in prototype demonstrations since
the late 1970s.3° But it was not until the late 1980s, when continuous-wave low-threshold-current
VCSELSs were demonstrated at room temperature, that practical viability for numerous applications
began to be envisioned.36-37 Equally important is the capability to produce VCSELs and VCSEL
arrays in a manner consistent with low-cost manufacturing approaches. Early attempts to fabricate
full VCSEL wafers using standard batch fabrication techniques yielding devices with adequate
performance was made possible with the demonstration of a planar, implanted top-emitting
structure opgrating nominally at 850 nm (Figure 49).°°°Y

By avoiding the need for through-substrate transmission, this structure allowed more flexibility in
emission wapelength, including wavelengths compatible with both low-cost GaA$ and Si-based
detectors.*O

Passivation Layer

— p-Contact

L— p-Mirrog_Staek
H-+ -igh Implant
— Top Confinement

Yative Region — Spacer

Bottom Confinement |

n- Mirror Stack

n+ -GaAs Substrate
— n- Contact

FIGURE 49 - Cross Section of Implanted VCSEL Structure

35 Koyama et al, .pp. 1845-1855
36 |baraki et al. pp. 667-668

37 Jewell et al., pp. 210-214

38 | eeetal., pp.710-711

39 Morgan et al, pp. 149-159

40 Morgan, SPIE pp.64-89

41 Fiedler et al., pp. 1664-1665
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4.8.2 (Continued):

There is currently a strong catalyst for VCSEL-based technology in the area of high-speed (within
an order of magnitude of 1 Gbit/s), medium-distance (1 m to 1 km) commercial data

links 37,38,33,

4041,42,43 These applications would include but are not limited to:

LAN backbones,
links to remote peripherals,
interconnections for workstation clusters,

cabinet-t
backplan
telecomn
and links

These links
Additionally,
electrical (e.
an increase

Exploiting V
high-perform
VCSEL-basq
cost can be
the transceiy
driver chip a
threshold cu
over time wd
requirement
>5x107 hour|
comparable
lasers). Mor
characteristi
complete eli
speed of VC

D-cabinet links within supercomputers,
es for massively parallel processors,
hunications switching,

from storage systems to computer hosts37-39:43,
must be manufactured with adequate performance, reliability and pa
initial commercial insertion is most likely to comeabout by upgradin
)., copper-wire based) and optical data links with’ VCSEL-based sol
n performance with no sacrifice in cost®”.

CSEL performance advantages, combingd with producibility compet
ance edge-emitting laser and LEDs,_is.resulting in single-channel, h
bd transceiver products from several®endors. The realization is that
reduced, not necessarily because of the low-cost VCSEL but due tg
er module 37-3°. For example, easier thermal management and sim
e possible due to the low (<10 mA) operating currents and voltages
rent that can be made insensitive to temperature as is shown in Fig
uld again eliminate_the need for complex monitoring and feedback ¢
implies good reliability. Indeed, these VCSELs have now demonstr
5 mean time to failure (MTTF) (at room temperature and operating g
fo if not betterithan existing optical sources (LEDs, CD, and telecom

ckaging.
g existing
utions, exhibiting

tive with existing
igh-speed
the entire module
simplification of
plification of the
(<2V),and a
ure 50. Stability
ircuitry. This last
bted reliability
urrent)*4,
munication

eover, due fo the lower divergence (and inherently circularly symm
Cs, coupling to fiber is clearly simplified (looser alignment tolerance
mination of a coupling lens, etc.). Coupled with the demonstrated
SEL's 3843, this should give performance superior to LED-based lin

laser-based

comparable to but less costly than telecommunication-grade las

ulti

42 Lehman et al, pp. 1251-

1252

43 Wong et al., pp. 995-1016
44 Guenter et al, (in this volume)

tric) beam

, cheaper or
ulti-gigahertz

s and even CD-

er-based local area networks.
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4.8.2 (Continued):
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potential dat
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JRE 50 - Temperature Dependence of Threshold‘Current and Outpt

-term applications could come from parallel (1-D or 2-D) fiber links S
nstrated within the Opto-electronics-Technology Consortium (OETC
ension to higher aggregate bit rates while amortizing packaging cos
ngle transmitter or transceiver..There may also be advantages in the

note that the demonstrated-uniformity and yield of VCSEL arrays m

ELs have the unique geometric advantage of being amenable to twq
n will make them-tractable for increasing interconnect parallelism, sg
b throughput yet maintaining element bit rate. Additionally, 2-D array
ve as the ultimate source for future applications, such as within sm3
5, confacal imaging, displays and spatial-light modulators, or even s
bl (potentially coherent) power. The unique ability and flexibility to co

t Power

uch as those
38-43 This allows
Is over multiple
simplification of

and de-multiplexing electronie-circuitry using parallelism at these data rates. Itis

hy be exploited to

-dimensional
uaring the

s of lasers could
rt pixels or multi-
mply as a source
ntrol the emission

characteristi

CSTnay open up a number of potential applications in the next centu

Y.
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4.8.21

48.2.2

Long Wavelength VCSELS: Recently, investigators from Gore Associates have described a new
structure that has demonstrated CW operation to 80 °C, 1.3 mW power at 25 °C, and virtually all
the power in a single longitudinal and transverse mode with emission at 1300 nm. Figure 51
shows a schematic of the device structure. The structure makes use of two wafer-fused GaAs/
AlGaAs mirrors. The mirrors and active region are undoped, and the structure includes an 850
nm VCSEL vertically adjacent to the 1300 nm VCSEL. The electrically pumped 850 nm VCSEL
optically pumps the 1300 nm VCSEL, which then emits out the top through the 850 nm VCSEL.
The 1300 nm mirrors only produce 1 to 2% reflection at 850 nm and vice versa, so the two laser

cavities ca
the structu
emission is
reflectivity

“This struc
undoped 1
fusion now
This allows

h be designed independently of each other. By controlling 1300 nm.\
re has the flexibility to be either a top-emitter or bottom emitter. JThe
suppressed through substrate absorption (bottom-emitter) or)high
top-emitter).

fure has several fundamental advantages over direct électrical pum
300 nm optical cavity has greatly reduced free-carrier losses. Secor
provides only an optical interface, so it does not/introduce additionz
the device voltage to be the typically low voltage of an 850 nm VC{

resistive heating is primarily confined to the 850 nm pump. Spectral measuremsd

1300 nm V/
absence o

Tunable V
communic
circularly s
attractive K
conventiory
diode array

CSEL temperature rise is less than half'that of the 850 nm VCSEL.
[ current crowding and reduced thermal lensing allows higher single

CSELS: VCSELs and LEDs are-promising devices for free-space af
btion systems. Their advantages include low threshold, single mode
ymmetric beam profile and efficient coupling into fibers. Commercia
ecause they can be processed readily and tested on wafer. As opp
al edge-emitting lasér. diodes, VCSELs can be formed into two dime
s, thus enabling many new applications for semiconductor lasers.

CSEL reflectivity,
indesired 850 nm
B50 nm top-mirror

bing. First, the
d, the wafer
|l device voltage.
BEL. Thirdly,

ents show that the
Lastly, the
lmode powers”.*°

nd fiber
operation, a
ly they are
bsed to
tnsional laser

45 Jayaraman et al. ,W.L. Gore website
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FIQURE 51 - Schematic Of Double-Fused 1300nm VCSEL Device Structure*®

4.8.2.2 (Continued):

It is said that the “vertical-cavity laser is to photonics as CMOS is to electronic$" and several
VCSEL-based.tfransceiver modules are now being offered commercially. Hewl¢tt-Packard has a
1.062-Gbit/second transceiver, packaged in a 1x9 configuration, as well as Gigabit Ethernet
Transceiver. Vixel Corporation and Honeywell Corporation are bringing out a 1-Gbit/sec VCSEL-
based component for fiber-optic applications; and Sun Microsystems, using VCSEL technology,
has put together what it calls the fastest ATM networking board available today.

Fueling the excitement surrounding VCSELSs are the recent achievements of striking
performance gains and size reductions. Early lateral-emitting diodes had an awkward 5
micrometer x 1000 micrometer geometry; the latest VCSELs have a round aperture. In addition,
the diodes radiate light vertically, making them convenient for packaging in array configurations.

46 Jayaraman et al. ,W.L. Gore website
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4.8.2.2 (Continued):

New devices are being manufactured with greater than 99 percent yield, and the newer oxide-
contained diodes have pushed the threshold current from around 1000 mA to below 10 mA,;
these VCSEL breakthroughs will be a key enabler for VLSI photonics. The current research goal
is to push to 4 square microns and develop packaging and mounting techniques to integrate
them with CMOS VLSI chips.

4.8.2.2.1 Micro-Machined Wavelength-Tunable VCSELS: Implementation of Wavelength Division

Multiplexing (WDM) using fixed wavelength laser arrays have temperature-control, system

reliability]

wavelen
Due to th
continuo
vertical d
continuo
made as

waveleng

wavelength tunable vertical cavity devices to satisfy. the unique requirements

architect

Some of
conceptg
have em
The devi
part of a

gap. ThI air gap thickness can be modulated electro-statically by applying a

membra
plus the

filters with 30 nm tuning‘range, LEDs with 39 nm range and VCSELs with a 1

continuo
VCSELs
available

Us tuning range. Tuning beyond this causes the laser to-mode hop.

wide as the gain spectrum of the laser. Therefore, the challenge is
ires.

the necessary components exist today, some are in development a
. Research Teams at Stanford University, CA and the University of S
bloyed approaches based onmicro-machining to make variable wav
Ce is a conventional VCSEL-structure with bottom mirror and cavity.
deformable membrane that is suspended above the semiconductor

e and the cavity.(The "new" laser cavity is then made up of the sen
hir gap. Using this approach the research teams have been able to

s tuning-range near 960 nm. Assuming a 2 nm channel separation
represents a tenfold increase in data transmission rates. However,
onthe-wavelength stability under severe vibration environments.

component aging and manufacturability problems. Because of thege shortcomings,
th tunable lasers are indispensable elements of such an array since the lasing

th can be set, maintained or changed to any wavelength within their tuning range.
eir long cavities, edge-emitting lasers have small mode. spacing, wHich limits the

n the other hand,

avity lasers have short cavities (wide mode spacing) which enable gne to achieve
s wavelength tuning without mode hopping. The wavelength tunind range can be

o0 develop
of WDM

hd some are just
heffield, England,
clength VCSELs.
The top mirror is
cavity by an air
bias between the
niconductor cavity
fabricate tunable
ecord 19.1 nm
this tunable
here is no data

Tunable

VDI TIIters are avallable DUt thelr response times are Siower than IS

necessary for an

agile transmitter or receiver. Lucent Technologies and Pirelli Cavi SpA (Milan, Italy) incorporate
eight wavelengths, each delivering 2.4 Gbps data flow for an aggregate capacity of 20 Gbps
over a single fiber. Ciena Corporation (Savage, MD) is delivering WDM gear incorporating 16
wavelengths for 40 Gbps (OC-48) of total capacity. Alcatel N.V., Hitachi Ltd., NEC Corp., ADC
Telecommunications and Northern Telecom Ltd., have early single (future multiple) wavelength

systems

which can launch 10 Gbps onto a fiber. 47

47 Stevens et al. FAST report, Section 5-16


https://saenorm.com/api/?name=8e2d2d6e132e723d0d5a521a18db9f48

SAE INTERNATIONAL AIRS271™A 66 OF 116

4.8.2.2.2 Quantum Well Mirror (QWM) VCSELS: Numerous attempts have been directed at creating a
practical VCSEL semiconductor laser that can sustain simultaneously multiple frequency single
mode operations. A unique approach based on the development of the QWM technology is
currently being pursued at the Naval Air Warfare Center. The QWM is a multi-layered thin film
semiconductor structure that has an effective plane of reflection. This effective plane of
reflection exists within the structure (Figure 52).

Electrode Contact

Top Electrode
T d

Efffective Plane &<~ Bamer (b)

of|Reflection >

Quantum Well [w)

Liyered Pair —m
{ Bottom Electrode

FIGURE 52)- A Single Quantum Well Mirror

Its positipn is a function of the'reflectance at the interfaces between the layers and the
thickness of the media thatthe light is traveling through before striking the interface. Because
the positjon is a function of the reflectance, it is also a function of the index of refraction of the
material.| Any charge-in the index of refraction of the material causes a shift|in the position of
the effecjive plane-of reflectance. Therefore, by using the quantum well stru¢ture with an
applied glectrie field the quantum confined Stark effect will shift the index of refraction of the

well material\changing the position of the effective plane of reflection. This qyantum well mirror
conceptTI ) e e b anical-ditherinrined .

This same device, a quantum well mirror can be used to change the optical, not the physical,
cavity length in a VCSEL. If an array of these quantum well mirrors (Figure 53) are fabricated
as a mirror for a VCSEL, each element within the array can be tuned to its own optical cavity
length electronically by changing the bias voltage to the electrodes. Hence, each element
within the array can be fixed at a specific optical wavelength or each elements can be tuned.*8

48 Karwacki et al. , GOMAC 2000
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4.8.3 Micro-Chip L

solid state la
laser is used
in size to cor
low noise beg
pump diode

FIGURE 53 - A Multiple Quantum Well Array Mirror

sers that can be manufactured in highwvélume at low cost . A relativ

asers: Microchip lasers are small, compagt, robust, high performan

ce diode pumped
bly low cost diode

as an excitation source to pump a.solid state laser “chip” of approximately 1 to 3 mm?3
vert the poor spatial and spectral mode output of the diode laser into|
am at a longer wavelength. Fortypical Nd-doped laser materials sy
aser wavelength is ~809 nmywhile the most common output wavele

a spectrally pure,
ch as YAG, the
ngths are 1064

and 1319 nnp. The improved output(characteristics of the microchip laser allow numerous

applications

The microch
lasers are fa
and then co4
conventiona
obtained by

not possible with conventional edge emitting semiconductor lasers.

p concept involvesthe use of semiconductor packaging technology.

bricated by polishing wafers of solid state gain material so they are 1
ting them.with dielectric mirrors. These wafers are subsequently cy
semiconductor dicing techniques. Two dimensional arrays of micrg
Hicing.wafers into larger squares and using two dimensional diode la

Microchip ar

raysihave the advantage of lower production costs and nearly unlimi

Simple microchip
lat and parallel

t apart using
chip lasers are
ser pump arrays.
Ited power scaling

with constan

heiahtnacc
OTIYTIa TS ST

The microchip laser relies on the properties of materials such as Nd:YAG, as well as laser physics.
For materials such as YAG, dn/dT (the change in index of refraction with temperature) is positive,
and a thermally induced lens occurs from the heat generated by the pump laser beam. The
thermal lens has the effect of stabilizing what would have been a marginally stable (flat-flat)
resonator. This property produces a “auto-stabilized” resonator that conforms to the pump beam
allowing for very simple fabrication and alignment during the manufacturing process.
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483

484

4.8.4.1

(Continued):

The radius of the laser mode that is generated is generally larger then the radius of the pump
beam; This leads to single transverse mode operation. An additional advantage of the auto-
stabilized microchip laser mode is that the output laser beam always remains orthogonal to the
planar output face of the microchip irrespective of the position or angle of the incident pump beam.
This provides for simple pump alignment. Also, if the microchip laser beam is brought to a focus
using a lens, the position of the focus is minimally changes for any motion between the pump beam
and the microchip crystal. This property sets microchip lasers apart from other solid state laser

cavities and

Commercial
coupling for
nm. Such p
applications.

Photonic sol
and wavelen
components
single freque

provides for robust coupling of microchip lasers to optical fibers.

cable TV applications with output powers of 200 mw CW in.a single n
bwer levels greatly exceed those of diode lasers presently-used for §
The relative intensity noise (RIN) of such a microchiplaser is <-16

rces for the fiber optic links require ancillary components for freque
gth selection - making them inherently large due to incorporation of
These sources also require powers greaterthan 100 milliwatts that
ncy regime. Future fiber optic links will.continue to require high pow

additionally fequire low weight, environmentally stable photonic source package;s

and millimetg

br wave operation.

Two semiconductor-based laser technolagies - diode-pumped solid state (DPSS

and Optically
lasers". Thes
with cost effe
Santa Clara,
DPSS micro

External Mo
components
a continuous

pumped semiconductor (QOPS) - represent a new generation of "inf
se lasers combine the performance characteristics of diode-pumped
bctive, volume manufacturing techniques of semiconductor lasers. G

Chip lasers and'OPS for the telecommunication market.
julators: Modulators are currently the most commonly used integra

Theyfunction by controlling the amount of light transmitted into a fi
wave (CW) laser. The light transmitted through the modulator can b

microchip lasers are presently being produced for cable TV, applicafions with output

hode fiber at 1300
imilar
5 dB/Hz.49

ncy modulation
these

operate in a
er but will

5 for microwave

microchip lasers
egrated diode
solid-state lasers
oherent Inc.,

CA, Micracor Inc;"Acton, MA, and Uniphase Inc., San Jose, CA ar¢ manufacturing

ed optical
bre optic link from
e smoothly varied

from zero to

the,maximum intensity.

Lithium Niobate Mach-Zender Interferometer Modulators: A Mach-Zehnder modulator
comprises two-phase modulators and Y-junction splitters/combiners. A schematic of the
modulator is shown in Figure 54. The operating principle is as follows: a voltage V(t) is applied to
the central RF electrode. The optical signal is initially split into two equal portions at the 3 dB
Y-junction. In accordance with the electro-optic effect the induced index change causes the
phase of the optical signals to be advanced in one arm and retarded in the other. When the
signals are re-combined in the Y-junction combiner, they are coupled into the single mode output
guide if they are in phase, while if they are out of phase, they are transformed into a higher order

mode and

lost into the substrate.

49 Mooradian et al., pp. 17-19
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FIGURE 55 - Transfer Function of a Lithium Niobate Modulator

50 http://www.ioc.co.uk/products/appnotes.html
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4.8.4.1 (Continued):

48.4.2

For phase differences between these two extremes only a portion of the light is coupled into the
output waveguide. This gives rise to the characteristic co-sinusoidal transfer function in Figure
55. The major benefit of external modulation as compared to direct modulation techniques is the
absence of frequency chirp. This is achieved through the use of a narrow line width CW laser
source and the inherent characteristics of the external modulator.?!

Quantum Well Solid State Modulators: When an electric field is applied perpendicular to the

surface of
important
permitting
of the surfg
semicondy
light has tg
semicondy
change in
The particy
confined §
semicondy
until time ¢
apply volta
external ci

The modul
the spectrd
in the AlIGH
to be remd
semicond(
devices ha

In a typica
few micron

A quantum well, the optical absorption of the quantum well can be ¢
oint about quantum well materials is that this change in absorption
heir use as efficient optical modulators. Modulators that workfor lig
ce of a semiconductor chip are called "surface-normal" medulators.
ctor-based optical modulators, the changes in absorptioncare relativ
come in and out of the edges of the chip and travel rélatively long g
ctor optical waveguides to get enough over-all change in optical tra
bptical absorption with applied electric field or valtage is called "elec
ilar electro-absorption mechanism seen only in'quantum wells is ca
fark effect”. This mechanism, like other electro-absorption mechanis
ctors, is also very fast. There are no intrinsic speed limitations on the
cales well below a pico-second. In practice, speed is limited only by

cuit. Speeds of 40 GHz have been demonstrated.

ator works best typically atwavelengths of about 850 nm, in the near
m. At this wavelength, the AlGaAs material is transparent, so there
As contact regions, GaAs itself is opaque at these wavelengths, so
ved to make a transmission modulator. Devices can be made with V
ctor materials farwvarious operating wavelengths in the infrared regi
ve been demenstrated in the visible region.

surfaece=normal modulator, there will be about 50 to 100 quantum w
s thicks A typical device might have an operating voltage of 5 to 10

hanged. The

s relatively large
ht coming and out
Usually with other
ely weaker so the
istances in
nsmission. A
tro-absorption"”.
led the "quantum-
ms in

mechanism itself
the time taken to

ge to the quantum wells, which is typically limited by resistor-capacifance limits of the

Hinfrared region of
is no optical loss

the substrate has
arious other

bn, and some

ells and will be a
/, and the optical

transmissig

bri-of the modulator might change from 50 to 20% as the voltage wa

5 applied. Other

ranges of

ansmission and voltage are possible WIth appropriate design or the

51 nhttp://www.ioc.co.uk/products/appnotes.html
52 http://www.bell-labs.com/project/oevisi/tutorial/index.html

device.%?
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GURE 56 - Schematic of a Quantum’Well Electro-Absorption Modul

odulator Availability: The most'widely used external optical modula
pbate Mach-Zehnder modulators (Figure 57) used with single-mode
b also capable of handling high optical powers (hundreds of mW) wi
up to 20 GHz was available years ago and 40 GHz performance is ¢

phase Corporation in San Jose and |IOC in the UK. This modulator
of an opticakwaveguide, which splits into two interferometric arms.
ctrical stripline positioned over it. The modulating signal is applied t

This wave
when the

interferometfic'response between the two arms at the point where they are re-g
ity

waveguide:

uide stripline structure is constructed on a substrate of Electro Opti

lectrical signals are applied to the stripline the optical properties var

topcontact

n

)

lator?

ors are the
fibers. These
thout damage.
ommercially
IGICS of New
design is

One of the arms
b this stripline.

c (EO) crystal and
y producing an
ombined into one

nid-point of the

maximum and minimum optical response. This point is designated the Vpi bias voltage.
Symmetric two arm construction and the sinusoidal transfer function, result in very low second
harmonic energy after initial phase error bias voltage adjustments.
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FIGURE 57
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A unique asymmetrical design.is being used by the Naval Research Laboratg
the symmetric intetferometer is constructed in Lithium Niobate. The
ating in the middle-of each of the two arms causing the optical signg
gh the modulator, along with an open circuit electrical signal transm
nance and<physically smaller modulators with lower drive voltages a
ength of\a’/conventional modulator to 40 GHz.
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bf External Optical Modulators Under Development: Subsequent de
tical modulators has led to EO Polymer'modulators ,which operate
hese modulators have an electroni¢origin of the EO response, non
dielectric constants and very high mW operation (90 to 100 GHz). IPITEK Corg
vised a push-pull mode of operation using two electrodes with 180°
em. This method has reduced the electrical drive voltage by one half.

pand modulators with high dynamlc range are also reportedly belng
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- Packaged Lithium Niobate Modulators (Courtesy (A) Uniphase®
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| to be reflected
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developed at the

2 C g-with Optivision, Inc.
An optical flber is cIoser coupled to aco- planer electrlcal wavegwde that is in turn sandwiched
between an electro-optic polymer layer and the fiber. 100 GHz is predicted for this technique.

Environmental Characteristics Of External Optical Modulators: The environmental ruggedness
of Optical Modulators was tested by Uniphase Telecommunications products, Electro-Optics
Group. The tests concluded that Lithium Niobate based modulators can be deployed (with
proper design) in commercial, space qualified and military systems and will be qualified to
Bellcore TR-NWT-000468 and MIL-STD-883 requirements.

53 http://www.uniphase.com/products/
54 http://www.ioc.co.uk/products/appnotes.html
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4.8.4.5 (Continued):

The test that are being covered are: Accelerated Aging, Low Temperature Storage (-40 °C),
Temperature cycling (-40 to +85 °C), Drop Shock (1500 grams), Fiber Pull (1000 grams), Damp
Heat (humidity exposure), Thermal Shock Testing, Electro Static discharge (ESD), Vibration

(Sine, 20 g

rams), Flammability, Solderability and Internal Water Vapor.

4.8.5 Modal Noise: The use of optical interconnects in aerospace systems will be limited by the maturity
of the technology multi-mode fibers which are currently the medium of choice for military systems

due to the a
users of theq
occurs when
system in wh
one or more
properties d
precluding fi
on the receiy
the desired |
required to g
modal noise
some situati
increasing th
noise source
modal noise
equal to that

Modal noise
constant, bu
by the wave
over another
the fiber is ¢
light, no mog
noise, while

!

ed signal-to-noise ratio at the decision point, thas if modal noise is
it error rate may be unattainable. Even if the-signal-to-noise ratio is
btain a specified bit error rate, the bit error,rate may still be unacceg
combines with other noise mechanisms:to-determine the SNR at the
bns, the addition of optical power cane used to compensate for mg
e received signal and hence improving the signal-to-noise for non d
s. The magnitude of this power-penalty increases as the signal-to-r
decreases, becoming infinite at'the point where the signal-to-noise
required to achieve a spegified bit error rate.

is a form of partition‘noise. The total power launched into the wave
is distributed in atime varying manner between some or all of the 1
juide. Any component in the system, which can attenuate one moc
, will give rise-fo amplitude modulation if the source or fiber characte
bmpletely-undisturbed and the source always emits exactly the sam
al noisexwill result. However, perturbations to the fiber will result in |
small«variations in the source properties, temperature, or drive curre

large change

ailability of qualified parts. As the new family of lasers described abpve matures, the
e devices must be aware of a potential source of errors in digital'systems which
lasers are utilized with multi-mode fibers: modal noise. Modal,hoisg arises in any
ich a coherent source is used to excite a multi-mode waveguide intgrconnect in which
elements exhibit mode selective loss. The effect arises from variatipns in source
ring each bit, and therefore has significant components at the data yate, thereby
ering as a means of eliminating its effect. The biterror rate for a digital link depends

ufficiently severe,
better than

table since the
decision point. In
dal noise, by

ata dependent
oise ratio due to
ratio becomes

guide system is
nodes supported
e preferentially
bristics change. If
e wavelength of
pw frequency

nt will result in

shn‘source parameters, This can occur as the source is modulated,

possibly resulting

in mode-hop

Ing. The enect or modal nolse IS 10 degrade the signal-to-noise ra

io at the receiver

via generation of amplitude noise at frequencies comparable to those associated with the data

transmission

Modal noise and its effects are extremely complex, and are statistical rather than deterministic in
nature. In designing a multi-mode optical link, it is important to accommodate modal noise, thus
reliable but simple design tools are needed. Modal noise need not be a major problem in a multi-
mode system used with coherent sources if the effect is considered in the design process.55

55 Bristo et al., pp.189-191
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4.9 Switching Mechanisms:

The use of optical interconnects for both networks and computer interconnects can dramatically
improve avionics systems performance. A critical component to implement optical interconnects is a
high speed switching mechanism. Switching is required for redundancy management in networks as
well as a data routing mechanism for in computer architectures. Switching can be done in either the
optical or electronic domain. For advanced optical backplanes, a trade must be made between high-
speed serial or parallel transmission. Serial data transmission simplifies the switching but requires
higher speed lpgic. Parallel transmission reduces latency by precluding the need for parallel to serial
conversion and can utilize lower speed logic but requires multiple transmitters ‘and| receivers and
very complex switches. Switching parameters which need to be optimized include: throughput,

4.9.1

bandwidth, sw|

tching speed, power dissipation, packaging density, and fanout cap

Smart Pixeld: A new “hybrid” opto-electronic technology known as-“smart pixel”

become the
autonomous
optical form,
maijor lines g
effect device
or modulatof
integrated w
standing corf

focus of considerable research worldwide. Smartpixels are genera
devices which process incident optical data, and’ then output the pr

f investigation of smart pixels: those based,on multiple-quantum-we
s in each pixel, vertical detector/emitter switches, and liquid crystal

th silicon VLSI. In a sense, smartpixels represent the first major st
nectivity problems confronting high performance interconnections a

Ability.

technology has
ly defined as
bcessed data in

and the processing is generally done in the optical domain. There are currently four

| self electro-optic

s or (SEEDs), opto-electronic integrated<Circuits with detectors, trangistors, and lasers

ight valves
Ep in solving long
nd processing.

Switching times for smart pixels are in the nanosecond and sub-nanosecond range. The reliability
of these dev|ces can be extremely high.when implemented with state-of-the-art microcircuit
technology gnd silicon since silicon RIN diode and microcircuit reliability is very gredictive and has

a well-docun

The advanta
obvious as @
bandwidth, v
parallelism a
than electric
interconnect

nented reliability history in severe environments.

hich results from the non-interacting nature of optical beams, there
vailable-from optics resulting in higher bandwidth interconnects and
bl intefeonnects. In such parallel architectures, it may be desirable
onh-array has the capability of both fan-in and-fan-out. Here, fan-ou

one pixel to 1

ges of using bothioptical and electronic technologies as hybrid systéms becomes
ne further considers the strength of optical interconnects. In addition to higher

is inherent
packing densities
hat the

is the delivery of

Utput of the output

of several pixels at one pixel input. The delivery of signals for fan-out and fan-in is easily
implemented in optics (i.e. Couplers and/or beam splitter/combiner optics) although both fan-in and
fan-out typically require pixels that have gain. For this reason, optoelectronic integrated circuits
(OEIC’s) with gain are t_/ypically superior in performance to circuits in which the circuits are purely
optical or electrical %65

56 Stevens et al., FAST final report pp. 5-27, 5-28
57 Lightwave Magazine website, August, 1999.
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4.9.2 Electro-Mechanical Switching: Most commercial switches utilized for redundancy management
utilize an electro-mechanical element, such as a spring loaded galvanometer mirror, to deflect the
optical signal from one fiber into another once power is lost. These electro-mechanical
approaches use magnetic or piezoelectric drivers to physically move a fiber to align it with different
output fiber ports. Most of these devices have very slow response times (on the order of
milliseconds) causing considerable loss of data during the switching process. The loss of data
increases as the data rate increases and a gigabit per second network would lose a million bits of
information during a one millisecond switching period. Electro-mechanical switches are also rather

493

bulky, expen

they are me¢

environment
ingenious lo
rugged are b
flight test da

A new family
micromachiri
tunable lase

sive and environmentally sensitive making them very impractical for gircraft use. Since
hanical in nature, they can pose major reliability concerns operating in an aerospace
subject to temperature and pressure extremes, shock, and vibration. Rather

v-mass spring activated silicon substrate mirror designs that-appeatr| to be rather

eing tested but the risk in the selection of these devices rémains high since limited

a is available.

of micro-electromechanical systems (MEMS) devices, which are tiny movable
es mounted on integrated circuits, are now found in products ranging from airbags to
's. This technology is now being applied to switching. The basic idg¢a is to use

relatively standard silicon processing to make smallmoving mirrors which can bé¢ used to deflect

light. These
microns in d
standard inte
together with

size of a poatage stamp. The actuatorsiirigger the micro-mirrors to rapidly flip u

directing lig

All Optical S
caused by v{
electro-optic
holographic
and liquid cr
Lithium Niob
fabricated in

devices are now used in digital projectors. The mirrors designed to pe about 300
ameter are flipped or raised by an eléctrostatic attraction or actuatof. AT&T uses
bgrated circuit design techniques,that fabricate 64 free-rotating hinged micro-mirrors,
thin mechanical actuators,.gn'a 1 cm square silicon chip that is abgut one fourth the
p and down,

t beams into optical fibers!.

itching: Optical domain switches have been prototyped which utilize beam steering
Arious optical phenomena and non-linear effects in solid materials. These include
switches, magnheto-optic switches, acousto-optic switches, photo-refractive devices,
And phote-lithographically defined diffraction gratings, polarization rotation switches,
stal switches. The most successful of these technologies utilizes ngn-linear effects in
ate crystals. Optical signals are injected into Y-branched waveguidel couplers

the materlal and voltages applled across electrodes deposited on the material surface

cause the no
the other. M
sources. De

N of the coupler to
ost of these devices are designed for use W|th single mode fibers and laser light
vices of this type are typically temperature sensitive, lossy, rather inefficient, and/or

expensive. Temperature compensation can be utilized to produce useful devices for aerospace

applications.

Because of the cost, speed, weight and volume limitations of optical switching, this

capability is only provided in a small percentage of commercial LAN terminals, which specify multi-
mode fiber technology. The devices have been emplog/ed in long-haul communications and
increased commercial use can lead to reduced cost.®

58 stevens et al., FAST Final Report pp. 5-27 and 5-28
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5. OPTICAL AMPLIFIERS:

5.1

The telecommunications industry has incorporated optical amplifiers into their long haul transmission
systems. These devices provide a means of obtaining signal gain in an optical transmission media.
The gain is used to overcome the fiber attenuation of the glass fiber which accumulates over long
transmission lengths. Prior to the availability of this device, repeaters were used for regeneration,
reshaping, and re-timing of the transmitted signals. Since these repeaters required the conversion of
the optical signal to an electronic format and re-conversion to an optical format for re-transmission,

each repeater
signal bandwi
capacity is upgr
repeaters. They
protocol, both in

There are two m
optical amplifiers
that is limited by

Erbium-Doped

An optical fibe
to increase thq
with a suitable
high power pu
schemes to o
packages. Co
signal and pun
performance g
and design co
noise figure ar

Optical amplifi
multiplexing (

d\:fsensitive due to the electro-optical interface, are expensive and\infl

s designed for a specific data format and transmission rate. TheseI

ded. Optical amplifiers have become the ideal candidates for repla
provide longer hops between stations and transparency to'bit rate
portant in cost control.

ain types of optical amplifiers (1) doped fiber amplifiers (DFAs) and
fiber attenuation.
Fiber Amplifier (EDFA):

r amplifier is essentially a single-pass laser cavity where stimulated
gain of all optical signals passing through the cavity. An optical fibg
rare-earth serves as the optical cavity. Since the amplifier is a sing

mp diodes must be used tolexcite the erbium ions in the fiber. Varig
timize gain have been devised and these devices are available in rq

nnectorized glass rods can also be used with fiber optic connectors
np diodes. Optical’amplifier technology has added a new dimension

f modern optical based communication networks. The performance

nsiderations involved with EDFAs include amplifier optical gain and |

d gain spettra.

brs augment the wavelength capacity of optical fibers, allowing wavg
VDM) as a practical form of increasing channel capacity without inst

repeaters, are
exible as channel
cing these

hnd transport

2) semiconductor

b (SOAs). In both cases, the objective is to increase the repeater spacing for a system

emission is used
er, properly doped
e-pass device,
us coupling
pasonable size
provided for the
to the design and
characteristics
nearity along with

elength division
alling new fiber

lines or upgra

Ing the transmission DIt rate. For example, a £.0 GDIs/secC Ssighal

ay use up to 10

GHz of bandwidth, corresponding to about 0.1 nm at 1550 nm. Assuming that channels are spaced
1 nm apart, and that the amplifier’s bandwidth is 40 nm, the implementation of dense wavelength
division multiplexing (DWDM) may result in a 40-fold increase in capacity. DWDM systems of 4, 8,
and 16 channels employing EDFAs at both their transmitter and receiver sides are currently
implemented in LANSs, terrestrial and undersea links. Prototypes are underway for 32, 64, 128,
channels hyper DWDM system.
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5.1

(Continued):

The main elements of the EDFA are the Erbium-doped fiber and pump laser diode. This type of
amplifier is fabricated using a length of conventional single-mode silica fiber, doped with a rare earth
metal such as Erbium (Er). A concentration of about 100 ppm is adequate to provide high gain. If a
Laser Diode is coupled into the fiber, it acts as a pump to increase the energy (signal level) of an
incoming signal as it travels along the fiber. The pump light excites the Er to higher levels causing
the signal power to gradually increase as the signal travels along the fiber.

available with

fiber Bragg gating to stabilize the laser output. Placing the gratin

Pump laser s?rces are commercially available at both 980 and 1480 nm. The 9

hermetically s

There are sevs
laser chip has
225 mA of cur
drive current.

bral tradeoffs between using a 980 or 1480 nm pump laserin an ED
high quantum efficiency. To achieve 100 mW output a'980 nm laser
rent, while the same power output from a 1480 nm~module requires
Another advantage of the 980 nm module is its1ower noise. The ab

emission curves of the fiber overlap in the 1480 to 1550 nm-region. Therefore, lig

laser that is ng
wavelength th

Optical amplifi
power, and no
lightwave com
preamplifier, th
before detecto
rely on complg
improvement i
amplifiers. Th
distribution spl
without the ne
boost the trans
pumped with h

t absorbed may be amplified as noise. Because the 980 nm modul
ht is 500 nm shorter, noise is not created by unabsorbed pump light,

brs are designed to operate with specific conditions such as amplifig
se figure. The most significant application of EDFAs is an amplifier

e in-line amplifier, and thepower (booster) amplifier. The receiver p
rs to enhance the signal-to-noise (SNR) of a direct detection system
x and often expensive detection techniques such as coherent deted
N BER at the receiver improves power budgets. Pre-amps also act
b in-line amplifieris used to compensate for signal power degradatiq
itting losses‘and fiber attenuation. It is used to replace regenerators
bd for signal reconditioning. The power amplifier is used after the trg
smitted-power to a level not available from the laser. It is typically bi
igh.power pump laser diodes.

nm pump is
inside the

aled butterfly package protects it from environmental and méchanigal stress.

A. The 980 nm
module may take
over 400 mA of
sorption and
nt from the 1480
e pumps at a

r's gain, output
n direct detection

munication systems. Three.classes of role dependent amplifiers arT the receiver
e

amplifier is used
without having to
tion. This
Bs limiting

n due to
5 and repeaters
nsmitter laser to
rdirectionally

The noise figu

re (NF) IS the ratio or the Input to the output signhal-to-noise ratio or t

e amplifier. Itis

related to the spectral intensity of the forward propagating amplified spontaneous emission (ASE) as
well as to the amplifier gain. The main contributors to the noise figure are signal shot noise and
ASE-signal beat noise. Optical power of current power amplifiers can exceed 16 dBm (or 40 mW),
which is useful for long repeaterless links or for branching in CATV, fiber-to-the-home delivery, and
analog communication systems.
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5.1

5.2

5.3

(Continued):

Most standard EDFAs are constructed using several discrete components, including a pump laser
diode packaged in a butterfly or TO package, a fused biconical WDM coupler, a fiber pigtailed
isolator, a large size beam splitter, and a packaged photodetector. Extra insertion loss not only
decreases the EDFA gain but also degrades the noise figure. By applying combined fiber grating
technology for pump laser diode stabilization, planar beam splitting for signal monitoring, and using
laser diode and photodetector chips for size reduction, all the EDFA components can be integrated in
a single, standard butterfly package

Semiconductor Optical Amplifiers (SOA):

A laser diode yised as a light source is simply an amplifier with enough pgsitive feq
oscillation. Making reflective facets at each end of the semiconductor,chip provide
So by removing the feedback using facets with anti-reflective coatings, the laser o

converted to a

Two types of §
on each facet.
some light to b
Perot amplifief
the device, an
reflective coati
amplifiers ope
the 25 to 30 di

optical amplifier.

emiconductor amplifiers can be made, depending upon the reflectiv
First, when the facet reflectivities are lowerthan for a laser oscillat
e reflected back into the active region, the amplifier is called a Resq

 the amplifier is called traveling wave amplifier. In practice, even w
ng, there is a small amount of facet reflectivity. This means that mog
rate somewhere between a Fabry-Perot and traveling wave amplifie
B range are readily achievable, with an output power in excess of 5

pass gain is different for polarization modes, implying that polarization controlling q

necessary for
Comparison of

Standard comy

this type of amplifier.
SOA and EDFA Performance:

ponents for the terrestrial communication industry are normally rated

may operate o

utsidethis'range. Extended temperature range of -55 to + 95 °C sh

dback to cause
s this feedback.
scillator can be

ty of the coatings
br, but still allow
nant or Fabry-

. Second, if the facet reflectivities are-very low, a single pass amplifies light entering

ith the best anti-
5t semiconductor
I, gain values in
Bm. The single
levices may be

for 0 to 65 °C, but
ould be

achievable. One potential problem with a SOA is crosstalk between wavelengths. |This is generally
more serious \@ith SOAs than with EDFAs. Here a modulated signal at one wavel:ngth influences
the population Thversiomn, US| i wav . The crosstalk

phenomena depend on the spontaneous emission lifetime from the high-energy to low-energy state.
If the lifetime is large enough compared to the rate of fluctuations of power at the input signals, the
electrons cannot make the transition from the high-energy state to the lower energy state in
response to these fluctuations. The lifetime of the excited state of EDFAs is about 10 ms and about
1 ns for SOAs. Thus EDFAs are usually better than SOAs for WDM applications.
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5.3 (Continued):

6. AIRCRAFT INS]

6.1

A typical high-grade semiconductor amplifier provides a gain of at least 12 dB over a 40 nm
bandwidth for a gain bandwidth product of 630 nm. Typical NF in this case is 10 dB. The high-gain
region for a typical EDFA lies between 1525 and 1565 nm. Gain can vary 5 to 7 dB over this region,
with a sharp peak at 1530 nm, when no special means are employed to flatten the gain spectrally.
The gain variation can be made considerably flatter using in-line filtering devices such as Bragg
gratings and interference filters or by reducing the pumping level below full inversion. A price is paid
in this case in terms of reduced average gain and increased NF, which may be acceptable in many

applications in
inversion and
increased to a
channels at th
980 nm pump

High density optical interconnects permit the utilization of new.installation technique
Generation | opt
adapted for aerd

Conduit Enclo
Conduits are g

1. Protecting

2. Guiding cable through a difficultinstallation area.

3. Guiding lof

Of these reasd
cable rather th
in reason two,
reason 3 the t(
and 2 are ofte

cluding DWDM. Without any gain flattening enhancements, the gain
nence optimum NF approaching 3 dB (with the normal passive.com
round 5 dB) is quite flat over the range 1540 to 1560 nm. In fhis casd
depending on fiber type, thus giving a gain — BW product’of 20,000
[ALLATION:

cal interconnects. The commercial industry is exploring these meth
space utilization.

5ed Cables:

enerally used on aircraft for.one of three reasons.

cable from an unusually-harsh environment.

ng, unbroken cables through spliced aircraft segments.

ns, the last.two are similar in that they involve use of conduit to guid
an proteet.it from an environmental condition. The difference betwe

the guided region is short in comparison with the total length of the
ptal guided length is a major fraction of the total cable length. In pra

in an EDFA at full
bonents, this is
2, 25 to 27 DWDM

e |TU wavelengths can be carried, with a small-signal gain.Qf‘around 30 dB (110 mW,

nm.%°

5 never utilized in
bds which may be

e and support a
en the two is that
cable, and in
ctice, reasons 1

N @pplicable to small (tactical) aircraft, and reasons 2 and 3 are ofterp applicable to

large (transpo

yaircraft

For installations in which the conduit is used for environmental protection of the cable or for guiding
the cable through difficult installation areas, the cable used is normally a cable intended for stand-
alone (unprotected) use because the conduit is normally shorter than the cable. A second reason for
using stand-alone cable in a conduit in these applications is that it is generally desirable to minimize
the number of different types of cable used on an aircraft. If stand-alone cable is used in most
locations of an aircraft, it will generally be used in conduit where conduit is required. Cable of this
type will be discussed in the next section.

59 stevens et al., FAST Final Report pp. 5-25 to 5-27
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6.1

6.2

(Continued):

Cable for conduit may be of two types: cable that requires the conduit for protection, guidance, and
support; and cable that only requires guidance and support. However, the differences between them
are smaller than might be expected. These differences are mostly confined to the outer jacketing, as
both require a similar fiber for similar applications, both require a buffer between the fiber and
strength members, and both require strength members to allow them to be pulled into the conduit.

Cable for long, unbroken conduit installation is different from stand-alone cable in that long sections

of the cable wi
stand-alone ¢4
areas. Therefi
desirable. Sug
an undesirablg
time.

Other charactd

* Longterm
thermal ex
forcing a tq

*  The vibrati
design can
clamped a

« Bend, twis
conditions
will be deri
will be the
and so told

An example off
Associates for

Il of necessity be pulled for installation. That is as opposed to presg
ble in which the cable is normally laid in place, and only pulledithro
bre, the cable requires substantial longitudinal strength, and & slippe
h cable also requires considerable resistance to fluid chemical attac
fluid get inside the conduit, the cable could be exposed for a consi

bristics of the environment for cable for conduit include the following

temperature exposure will be similar to that for stand-alone cable, b
cursions will be reduced by the presenceé of the conduit. Also, the p
mperature controlling fluid through the conduit.

bn and shock environments will be'the same as for other cable, how
make use of the fact that the ‘cable will be constrained in a conduit
discrete locations.

, and crush tolerance requirements will be similar to those for other
encountered during.cable installation and maintenance. An added
ved for installations)such as landing gear and wing folds; however, t

rant of considerable bending.

a cable-for conduit installation is an 18 fiber ribbon cable produced K
transpoOrt aircraft use. The cable uses the same graded index, polyi

MmM/140 um/17

nt practice for
igh short, difficult
ry outer surface is
, because should
jerable length of

ut short term
pssibility exists of

ever the cable
rather than

cables to meet
bend requirement
here the limitation

conduit. The cable, relying on the conduit for support can be very thin and flexible,

y W. L. Gore and
mide buffered 100

0-am fiber used elsewhere in aircraft. The fibers are wrapped indiv

dually, and the

bundle is wrapped as a whole in GoreTex™ material and the entire structure is sintered into a
compact ribbon. The ribbon is then surrounded by a strength member which is overcoated with the
outer jacket material. The resulting cable relies on the conduit only for support and guidance. It has
the longitudinal strength, chemical resistance, fire resistance, and environmental tolerance of the
single fiber cables now used in aircraft.

Stand Alone C

able:

Stand alone cable is installed without conduit except in those regions were conduit is helpful for
guiding the cable during installation, or protects the cable from an unusual environmental hazard,
such as wind buffeting.
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6.2

6.3

(Continued):

Stand-alone cable can be single fiber cable or multiple fiber ribbon cable. Past experience has
shown that single fiber cables run alone in aircraft are vulnerable to mechanical damage, especially
during maintenance on other systems. It seems to be best to run optical fibers in a ribbon cable,
bundle single fiber cables together into a harness, or run the single fiber cables with other cables.
Burying single fiber cables in electrical wire bundles protects them from maintenance actions, but is
risky in that the optical fibers must be buried deeply within the cable and great care must be taken
with how the optical fibers branch out from the cable. Burial of the optical fibers in an electrical cable

also exposes the optical fibers to the heat generated by the electrical cable.

Any single fibg
aircraft. That
aircraft experig

r cable used in aircraft must be robust enough to survive installation

bnce has shown that a buffer coating of polyimide on the glass grea

and use in the

y extends the life

means that each fiber requires a buffer, strength member,-and jacke{. In addition,
|

of the fiber andl it tolerates well the aircraft environment, which the.common acryla

Two types of single fiber cables have been successfully developed for aircraft use

construction ¢
environmental
reason, both W
situation. Ribb
common telec
and jacket, on
harnesses ass

Air Blown Fibg

Air Blown Fibe
area networks
previously inst
fiber. First, the
fiber can be in
provides the a

hbles, and tight tube construction cables. Baoth-types exceed the air
requirements, but they vary in the details of their environmental perfq
ill be retained as available for use, with:the appropriate cable to be

bn cables for aircraft also require a level of robustness which exceed
bmmunication ribbon cables. However, each fiber does not need a

y the entire cable. This allows fer a lighter weight and lower cost pd
embled of many single fiber.cables.

r (ABF):

r (ABF) is a new (optical fiber installation technique being used com

e buffers do not.

loose tube
craft
brmance. For that
chosen for each
s that available in
s5trength member
r fiber than with

mercially for local

which utilizes either compressed air or dry nitrogen to blow light thin fibers into a

plled tube. This' method has several advantages over standard meth

ods of "pulling”

fiber optie.unit is blown into vacant tubes thereby greatly reducing fatigue. Splice free

stalled-with this method for up to 1.9 km with a near zero tensile stre
bility t0-blow out fiber optic cables and reinstall them. Air blown fibe

ss. This method
r installation uses

single fibers o

fiber optic ribbons.

The following are features and benefits of air blown fiber:

* Addition, removal, or replacement of fibers anytime.

» Far fewer splices are required.

* Push-fit connectors make it quick and easy to re-route vacant inner tubes, and blow fiber into the
resulting new pathways.

* Fiber can be “blown out” as easily as you blow it in.
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6.3 (Continued):

Either way, there's near zero tensile stress on the fibers. Blown fiber technology was invented by
British Telecommunications™ PLC and developed and manufactured by Sumitomo Electric
Industries. These fibers are blown into tubes that are extremely rugged — ideal for harsh, outdoor
environments where air blown fiber is used. The LAP (Laminated Aluminum Polyethylene) jacket is
designed to prohibit water invasion into the cable. The steel strength member can handle up to 1000
pounds pulling tension. The seven tube (no central strength member), steel armored, doubled
jacketed, LAP cable is designed for direct burial applications (Figure 58).6% This installation
technique has|not been utilized to date in military platforms and issues of reliable.gperation in a high
vibration or shpck environment remain to be investigated.

FIGURE 58 - Lap Sheath Tube Cables By Sumitomo Corp

6.4 Splicing:

Splicing of ribbon cable can utilize silicon V-groove technology Similar to that utilized in ribbon
connectors. Figure 59 shows an isometric view of one version of a multi-fiber positioner (MFP). This
MFP has a glass cover bonded permanently to an anisotropically etched silicon base. The
anisotropic etching of the silicon provides the required fiber positioning V-grooves and lead-in
chamfer “funnels”. The cover includes a hole that provides access to a portion of each V- groove
through the cover. MFPs with different outside dimensions can be designed and constructed in the
version developed for the splice, the overall dimensions were 10 millimeters long by 4.4 millimeters
wide by 1.3 millimeters thick. The base is fabricated using a silicon wafer. The cover is fabricated
using a glass wafer; clear glass covers provide the benefit of allowing visual inspection of the
V-groove channels.

60 http://lwww.sel-rtp.com/products/abf/lapshth.html
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HOLE FOR ACCESS

GLASS COVER

SILICON BASE
WITH V-GROOVES

LEAD-IN "FUNNELS" AT BOTH ENDS

FIGURE 59 - Isometric View of MFP Used in Splice Case

DETAIL VIEW

LEAD:IN FUNNELS

SLIGHTLY WIDENED V-GROOVE

SILICON BASE
V-GROOVE CHANNELS

LEAD-IN FUNNELS
RIGURE 60 - Isometric View of the Silicon Base With the Cover Cut Away
6.4 (Continued):

Figure 60 provides an-isometric view of the silicon base with the cover cut away. This figure exposes
a clearer view [of the/features that are etched into the silicon. As shown, this silicon has four
V-groove channels that locate and position the optical fibers. These V-grooves ar¢ sized for 170
micron fibers. ' - ' ' iff he insertion of the
optical fibers into the V-grooves (with cover attached). In addition, the V-grooves have been
provided with lead-in chamfers at their initial entrances. These lead-in chamfers facilitate hand
threading of optical fibers by providing "funnels" to get each fiber started into its channel. To provide
a clearer view of the funnels and chamfered “step-down” in the V-groove width, an enlarged detail
view is provided. With minor modifications in the design, more or fewer channels can be provided.
With modified designs, the V-groove channels can be created with different widths to accommodate
either smaller or larger diameter fibers.
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6.4 (Continued):

The MFPs have been produced using micro-machining techniques adapted from the semiconductor
industry. The MFPs were fabricated from two separate wafers that were processed independently,
then bonded and finally diced into multiple components similar to the MFP shown in Figure 62. This
production technique provides strong and stand-alone structures with very tight tolerances while
promising economical parts at moderate volumes.

Via micro-machining, silicon wafers were etched to create triangular shaped V-grooves. The starting

material was 3
photolithograp
surface of the
mask on the si
parallel to the
crystallograph
open bands h3
(111) planes.
created. By al
shaped V-grod
the (100) plang
precise chann

bonded structy

Again, it must
optical fiber is
into triangular
into longitudin

laboratory con
development
at the end of t}
has proven to

single crystal silicon wafer with (100) orientation and a (110) flat.

c plane much faster than the others. When subjected'to these etch
d material removed from the (100) plane to create~a groove whose
Because these (111) planes etch at a much slowerrate, a trapezoid

ve with (111) planes as sidewalls. The resulting angle between the

re was diced to provide many MFPs.

vercomes-these earlier difficulties. Now, the optical fibers can be sl

be sufficiently easy to allow for insertion by unaided hands with una

lowing the etching to continue, the (100) plane-disappears to create

b was 54.7 degrees. As discussed earlier; these grooves with these
bls to hold and position the optical fibers. The glass wafer was processed to cut holes
through the entire thickness. Following processing; the two wafers were bonded tq

be emphasized that the cover is permanently bonded to the silicon |
inserted. The creation 6f.a one-piece multiple fiber positioner that ¢
openings is an impoftant aspect of this development. Prior work plg
hl grooves in silicony(or other material) and then placed a separate g
assembly. With prior methods, the termination of optical fibers was sufficiently diff
ditions and essentially to preclude field termination of cables. The N

e MFR-and pushed through the full length of the V-groove in the MH

sing

hic techniques, very precise patterns were created in photoresist\materials on the
Silicon wafer. The photoresist material was processed to create a ve
icon surface. To create V-grooves, this mask contained opén’parallg
110) flat. Certain etching solutions have the ability to preferentially ¢

ry precise etching
| bands that were
btch one

ng solutions, the
sidewalls were

bl groove was

a triangular

(111) plane and
angles formed

gether. Then the

base before the
an receive fibers
ced optical fibers
over over the

cult to require
IFP of the current
d into the funnels
P. This operation
ded vision.
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FIGURE 61 - Provides Isometric Views of Both Ends of an MFP Customized for Use in a Connector
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6.4 (Continued):

The outside sizes and shapes of MFPs can be customized to facilitate their use in different
applications. For example, for use in a splice, the MFP shown in Figure 61 would be very desirable
because it has lead-in funnels at both ends and because the exterior is very “box-like”. On the other

hand, for use i

n separable connectors, different exterior shapes are more desirable. Figure 61

shows an MFP customized for use within separable connectors. This connector MFP has lead-in
funnels at only one end of the MFP and the connector MFP also includes other features to improve
its utility as a connector building block.

The cover has

that includes I¢ad-in funnels. The mating end face does not have lead-in funnels;

grooves exten
retention notch
as the connec
extends beyon
separable con
anisotropic etd

to etch through the entire thickness of the silicon wafer. The critical alignment surf:

are simply the

were 6 millimeters long by 4.4 millimeters wide by 1:3 millimeters thick. Discussior]

connector MF}

After insertion
surface of the
fibers after ins
grooves creatq
fiber is positio

ted from the end
rather, the V-
ers. The two
arable connector
FP, the cover
airs of MFPs with
base by the same
faces are allowed
hces on the cover
vn in Figure 61

of the use of

a through hole and two retention notches. The optical fiber is inset

i all the way to the surface to provide optimum alignment for-the fibg
es are designed to help secure the MFP within each half©f the sep
or halves are repeatedly mated and separated. In thiS.-connector M
d the base to create critical alignment surfaces tohelp align mating
nectors. These critical alignment surfaces are cfeated on the silicon
hing process used to create the fiber V-grooves; however these sur

flat underside of the cover. The overall.dimensions of the MFP shov
Ps will follow later.

the optical fibers are positioned by two etched surfaces in the silicgn and by the flat
permanently attached cover.’ Figure 62 provides a cross-sectional iew of the optical
ertion into an MFP. This.illustration shows four fibers located in the friangular V-

ed by the permanently. attached cover and the silicon base. More specifically, each

d by two etched surfaces on the silicon, and by the flat inside surface of the cover.

e
The fiber residTes completely within the V-groove provided by the silicon. None of the fiber protrudes

beyond the joi

ning plane inte.the cover. This is markedly different and superior to jmany of the prior

practices wherne grooves-were provided on both sides of the “joining plane”. With the current
gnmentof the cover is dramatically less critical; lateral misalignments of the cover
base do not adversely affect the positioning of the fibers in the V-grqoves. If desired,
be-permanently bonded within the MFP by inserting epoxy or other adhesives into the

method, the al
relative to the
the fibers can

corner regions

the use of a pipette or syringe us

u

) fce, 1 \
ing the hole shown in Figure 61.
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6.4 (Continued):

FIGUR

The MFP shoy
cable carrying
“elevator” and
facilitate user-1
This splice deg

Figure 63 preg
components.
and a lower s
splice would b
splice. The oV
that provides t
mechanical su
simplify the op|

V-GROOVES

7.0

GLASS COVER

FIBERS "JOINING PLANE"

SILICON BASE

vn in Figures 60 and 61 was used to create a 4-channgl'splice for ug
four polyimide buffered optical fibers. The MFP was mounted on a
housed within a protective metal shell. The splicerand shell design V
riendly operation. The shell assembly included a novel method for g
5ign should allow practicable field use in ad¥werse conditions.

ents an exploded isometric view of the mechanical splice assembly
The overall mechanical splice assembly consists of two halves: an
lice case. To facilitate user-friendly operation, all the required elem

erall splice assembly satisfies-a number of requirements, including
he alignment means forthe'mating optical fibers, securing the cable
pport and providing environmental protection. The overall design al
erations required for-splice installation in the field.

UPPER SPLICE CASE

MACHINE SCREW

RE 62 - Cross-Sectional View of the Optical Fibers After Insertion Intlo an MFP

5e with a ribbon

flexible polymeric
vere developed to
able attachment.

showing its
Lipper splice case
ents for the total

b attached to one of these halves; no additional loose pieces would e required for the
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FIGURE 63 - Exploded Isometric View of Mechanical Splice Assembly
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6.4 (Continued):

The lower splice case provides the following functions. It holds the flexible polymeric film “elevator”

that supports the MFP. It provides cable retention posts that penetrate locating holes along the sides
of the ribbon cable to both locate and lock the cable within the splice case body. It provides surfaces
for an O-ring seal to provide environmental protection. It provides a cable-pulling eyelet to help with
cable installation.

The upper splice case provides the following functions. It supports an O-ring to provide the seal for

environmental
case. It captur
completes the

The first step i
mating ends.

from each cab
four optical fib
distance from

Second, one ¢
into one end o
splice case so
Figure 64 sho

My

protection. It carries retained screws for mechanical connection to.t
bs the tops of the cable retention posts to provide additional cablere
metal shell around the splice for mechanical and environmental pro

n the proposed mechanical splice procedure is the preparation of bg
An appropriate length of cable jacket and reinforcement material wo
e to expose the individual optical fibers with their polyimide buffers i
brs would be cleaved to provide a good optical énd-face surface at t
he cable locating holes.

Aable would be mounted to the lower splice case. All four fibers from
f the MFP. Following fiber insertion, the cable is secured by pressin

vs a top view of the optical ribben cables in the lower splice case.

LTI-FIBER POSITIONER
OPTICAL FIBERS

LOCATING AND RETENTION |

RIBBON CABLE

CABLE RETENTION POST
LOWER SPLICE CASE

he lower splice
ention strength. It
tection.

th cables at their
uld be removed
ntact. Each of the
he appropriate

one cable are slid
g it into the lower

that the cable retention posts enterthe locating holes along the sid¢s of the cable.

HOLES

POLYMERIC

"ELEVATOR"

FIGURE 64 - Top View of the Optical Ribbon Cables in the Lower Splice Case

Third, the mating cable is mounted to the lower splice case in a similar fashion. All four fibers are slid
into the opposite end of the MFP. Again, the cable is secured by pressing it into the lower splice case
so that the cable retention posts enter the locating holes along the sides of the cable.
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6.4

6.5

6.6

6.7

(Continued):

Finally, the upper splice case is attached and secured by tightening the machine screws until tight.
Once tightened, the O-ring provides a complete environmental seal with face seals against the tops
of the fiber optic ribbon cables and lateral seals along the case side walls. When assembled, the
overall dimensions of the splice case were 37.7 millimeters (42.2 millimeters to the end of the cable
pulling eyelet) long by 19 millimeters wide by 8.5 millimeters (10.5 millimeters to the top of the screw

head) high.5"

Branching and

The use of sui
compact meth
technology ca

Fasteners or T|

Ribbon cables
Fasteners and
fiber optic ribb
fasten the lighf
for the coupler

Installation an
Suitable low ¢

fiber polishers
Figure 65 are

Fan-Out Techniques:

able splice cases and tree and star microchip couplers can provide
bd of branching and fanout from a ribbon cable. Silicon bench and
N be used to make such assemblies rugged and cost effective.

ie-Down Techniques:

lent themselves to low cost tie-downs because of the flat nature of
Tie-Down “Straps” must be designed so that'micro-bend losses are
bn cable. One can envision such low cost and light weight materialg
weight cables to the airframe. Suitable attachment methods shoulg
s, splice cases, branching elements‘and cable-to-cable connectors.

| Repair Tools:
pst portable installation and repair tools such as cable strippers, fibe

are being developed:for fiber ribbon cables for aerospace environm
bhotographs of a(stripper and cleaver being developed at Boeing, L

an efficient and
molded substrate

he cable. The

not induced in the
i as VELCRO® to
also be provided

r cleavers, and
ent. Below in
ong Beach, CA.

FIGURE 65 - A Handtool for Batch Stripping and Cleaving of Optical Fibers
in a Ribbon Cable (Courtesy Boeing Corp., Longbeach, CA)

61

Sellers, SPIE, pp. 31-42
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7. TIME DIVISION MULTIPLEXED NETWORK TOPOLOGIES:

The topology of a network refers to the physical routing required to interconnect the terminals in a
network. The most common topologies proposed for implementation of fiber optic time division
multiplexed LANs are the linear, star, ring and mesh topologies. Cost, reliability, maintainability, and
the operational environment must also be factored into the equation for the network design and
component selection.

7.1 Linear Topology:

The linear topglogy, which utilizes "tee" couplers, is shown in Figure 66 and has clrtain
characteristicg. This topology uses couplers, which can provide high reliability to tap optical energy
from a linear aray of terminals. The number of terminals is limited by theloptical gower, which can
be coupled intp the fiber, as well as by the fiber size and attenuation, by €onnector| splices and "tee"
coupler losseg. Wide dynamic range receivers must be utilized to,aécommodate the linear power
drop down the|fiber if identical receivers are to be utilized at each\hetwork node.

Couplers, whigh can be tailored to couple variable amounts eflight in proportion to the position along
the length of the linear bus, and automatic gain control (AGC) can be employed to|balance the
system. Thesq techniques are not a preferred approach for standardized networks

The linear power drop down the fiber if identical re€eivers are to be utilized at each network node.
Couplers, whigh can be tailored to couple variable amounts of light in proportion to the position along
the length of the linear bus, and automatic.gain control (AGC) can be employed to[balance the
system. Thesg techniques are not a preferred approach for standardized networkg with broadly
differing installation lengths where component interchangeability and low cost are pssential. The
reliability advaptage gained by utilizing passive couplers is offset by the high output required from the
source to accgmmodate a largenumber of terminals. The use of active couplers ¢an jeopardize
network reliabflity since a failure)can impact all downstream terminals. If active coyplers are utilized,
an adequate bypass mechanism must be employed to circumvent the failed activg coupler.
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7.2 Star Topology:

Figure 66 shows a star coupled topology for networks. In this topology, optical power is divided
equally among a number of terminals through the utilization of a transmissive or reflective star
coupler. A loss budget calculation must be performed to determine the number of terminals, which
can be implemented for a star topology in harsh environments with provision for connectors, splices
and adequate safety margin. If more terminals are required than can be accommodated by the
passive star, then an active star must be utilized to provide gain. The star topology requires that all
fibers be brought to a central distribution/power division node. This topology does|not lend itself
easily to expansion after installation in an aircraft. If the fiber lengths or the number of connectors in
each fiber are |jnot equal for all terminals, receiver dynamic range and sensitivity become design
issues. Also since light from any terminal must reach all terminals, the sources must be driven at an
output level sufficient to accommodate receiver sensitivity and dynamic range without impacting

7.3

source reliabili
level of the op
reliability. A pg
Fault tolerancs
supplies or ba

Ring Topology

y. Operation over large temperature extremes (i.e. 5510 +80 °C) ca
ical source so suitable junction temperatures should-be maintained

b can achieved by total redundancy in all components of the system
tery backup. Mil-STD-1773 is usually implemented with a star topol

n affect the output
to assure good

wer failure for an active star coupler can prove €atastrophic to all ngtwork nodes.

including power
DQY.

The Ring network topology shown in Figure 68\utilizes an optical source and dete¢tor at each
terminal in thejring. These devices act as arepeater by detecting and regenerating the optical signal
for data passing through the terminal. They’also serve as the means to extract opti¢al data for use by
the terminal or{for sending information'generated by a given terminal to the next adjacent terminal. If
one examines|this topology, it quickly becomes evident that the entire network consists of a series of
point-to-point links. Thus a majarelement in the power budget equation budget, the coupler loss, is
eliminated. This arrangement.permits the use of low sensitivity and low dynamic range receivers
since only the jnext adjacent-ferminal must be accessed. This permits the use of rgliable low power
sources, low sensitivity atid dynamic range receivers. This topology is ideal for a ngtwork with a large
number of terminals and’can be easily expanded. The margin built into this design|can be utilized to
good advantage in‘adverse environments such as aerospace and automotive applications.
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7.3 (Continued):

7.4

7.5

While providing the advantages listed above, the point-to-point nature of this topology can pose
reliability concerns since a single point failure in either the optical, electronic, or power supply
elements can cause a failure in the entire ring. The use of counter-rotating rings is typically utilized to
prevent a total failure of the ring in case of a single point failure. This loopback technique can only
tolerate two failures before the sub-rings become isolated preventing sharing of data between all
remaining terminals. Redundant hardware (transmitters, receivers, fibers, power supplies) and/or a
bypass device are required to obtain fault tolerance. Electro-mechanical bypass switches are slow

(on the order @
inadequate for
switches can 9
consideration

single mode s¢
delay of the ng
data rate of thg
latency. Ring

insertion into t

Mesh Topolog

The mesh topq

f milliseconds) which can cause significant loss of data at high data

witch very rapidly but the loss (typically several dB/cm) mustbe tak
bnd have a limited operating range. These devices are single mode
purces, fibers and connectors. The use of repeaters at each node ad
twork so latency effects must be taken into consideration in the net
P ring, and the repeater logic speeds can bound the repeater delays
hetworks provide growth potential through highér speed operation a
ne ring.

.

plogy provides for redundant data paths between nodes so that datg

rates and may be

severe environments (especially vibration and shock). Lithium Niobate electro-optic

Ben into

devices requiring
is to the total time
vork design. The
and total network
nd ease of node

can be

reconfigured around a failed terminals or intereonnections. These networks are used where the

ultimate in rel
monitoring the
relatively exp¢

Switched Topd

In packet switg
slots or packet
node. Circuit §
connectivity is

hbility and redundancy is desired. Usually these networks require s
data paths and a switching-mechanism to circumvent faults. Thes¢g
nsive due to the need for.redundant hardware.

logy :

hed (i.e. time-division multiplexed) network, the channel bandwidth i
s and messages are sent as a series of packets and re-assembled
witched-architectures eliminate the need to share the channel band

going into the

switch to any output. These are available but are rather costly wher

bme means of
networks are

5 divided into time
bt the destination
idth after the

established. Electronic cross bar switches provide a means of conngecting any input

they must

operate at hig

data rates compatibie with optical data transmission. In-dand con

ol is a very

difficult problem as data rates increase where the header must be decoded and the data routed in
real-time. Electronic switching also requires optical-to-electronic conversion entering the switch and
electronic-to-optical conversion circuitry leaving the switch, which greatly increases cost. Optical
switching requires single mode waveguide technology but can operate as the very high optical

transmission rates. Devices with a high number of input/output channels are not currently available
but research is being actively pursued as mentioned above. High speed electronic crossbar switches
are the near term solution with switched photo-diode array (i.e. Smart pixel) approaches also being

pursued. These devices can be used with both single and multi-mode fiber and waveguides. Much
research is ongoing for all-optical crossbar switches using electro-optic waveguide switches, optical
amplifier gain control, self electro-optic effect devices, smart pixels or active waveguide technology.

Most optical switching devices and optical amplifiers are single mode, which can easily be coupled to
single mode fiber waveguides.
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